Spectroscopic Studies of Polyatomic Molecules by Kumari, Garima
PECTROSCOPIC STUDIES OF 
POLYATOMIC MOLECULES 
DISSERTATION 
SUBIVrlTTED )N PARTIAL FULFILMENT OF THE REQUIREMENTS 
FOR THE AWARD OF THE DEGREE OF 
r 
m 
PHYSICS 
By 
QARINA KUMARI 
DEPARTMENT OF PHYSICS 
ALIGARH MUSLiSV! UNIVERSITY 
ALIGARH (INDIA) 
' , CJ^-3^3(2 •-, 
DS3436 

DEPARTMENT OF PHYSICS 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH-202 002 (INDIA) 
PH. . 571-2701001 
FAX • 91-0571-2701001 
(UtttlixtuU 
T;hls LS to certify that the dissertation entitled "Spectroscopic 
<Studi£s of CPoLyatomic t^oLccule<;" is being submitted by 
^Ms. ganma GCunxari for the award of the degree of chaster of 
CPhllosophy in "[Physics is a record of bonafied research tworh is done 
by her under my superi>ision. 
Dr. ^.GJC. O/Brma 
Jlcknowledgment 
On the name of "Jllmighty ^061, the most beneficent and merciful 
roho blessed me twith the strength to do my research tnork. 
0 toould like to express deep sense of gratitude to "Dr. CP.IK. IJerma 
of the Deptt. of Thyslcs, Jl.JH/ll., J^llgarh for superi'islng the research 
roork and his incomparable guidance, encouragement and keen Interest 
throughout my research toork. 
0 axn highly thankful to the Oxoxxman, Dcptt. of Thysics, Ji.JAXl. 
.Tlltgarh for providing all the necessary help and encouragement in 
completing the .yW. Thll. xz^oaxch toork. 
0 am also thankful to the Shaflullah, Chairman, Department of 
Chemistry, J4JH/LI., J^ligarh for his help related to my research toork. 
0 am also thankful to JAx. )Jogesh GCumar J^gratwal and c/Vlohd. 
Chaman In my research group for their help and co-operation during 
this toork. 0 am deeply Indebted to my hostel friend J^modlnl shridharan 
for her support encouragement throughout the research toork. 
3^lnally. J find no toords to express my regards to m\^ father Shri 
'Devcndra Singh for his sacrifice, affection and support throughout the 
XQ.s,Q.axc\\ toork and heartily thanks to m^ mother and younger brothers 
for their encouragement and affection. 
^afima Human 
CONTENTS 
Page No. 
CHAPTER-1 
GENERAL INTRODUCTION 
1.1 Classical Theory oi'Vibrational Motion ol'a Polyatomic 
Molecule 
1.2 Quantum MechanicalTreatment of Vibrations of a 7 
Polyatomic Molecule 
1.3 Point Groups 15 
1.4 Vibrational Selection Rule for Infrared Spectrum 22 
1.5 Vibrational Selection Rule for Raman Spectrum 24 
1.6 Vibrational Analysis of Benzene Molecule 27 
1.7 Derivatives of Benzene Molecule 41 
1.8 Amines 51 
1.9 References 60 
CHAPTER-2 
EXPERIMENTAL DETAILS OF VIBRATIONAL 
FREQUENCIES OF SUBSTITUTED ANILINES 
2.1 Introduction 
2.2 Experimental Details 
2.3 Perkin-Elmer Model 521 Spectrophotometer 
2.4 Discussion 
2.5 References 
CHAPTER-3 
THERMODYNAMIC QUANTITATITIES OF 
SUBSTITTUTED ANILINES 
3.1 Introduction 93 
3.2 Procedure and Theory 94 
3.3 Interpretation 
3.4 Conclusion 113 
3.5 References 116 
62 
63 
64 
76 
91 
CHAPTER-! 
GENERAL INTRODUCTION 
The study oClhe spectra ol'polyatomic molecules leads to precise 
information about their rotational, vibrational, and electronic energy 
IcNcls. and Irom these energy levels the internuciear distances, the 
vibrational frequencies and force constants, the energies of dissociation. 
The atoms in a poKatomic molecule execute normal vibrations. 
When \ve consider the vibrational motion of polyatomic 
molecules, assuming that no rotation of whole molecule take place. 
1.1 Classical Theory of Vibrational Motion of a Polyatomic 
Molecule: 
In a pohatomie molecule, the motion of the nuclei can be 
describe bv choosina the ordinarv Cartesian coordinates XL. VI-. Zi. of 
each nucleus k rei'fered to a fixed coordinate s_\stem. Then, if there are 
N nuclei, we need 3N coordinates to describe their motion: there are 3N 
degrees of freedom. However, if we study the vibrational motion of the 
system and not interested in the transnational motion oi'the system as a 
whole, which is described completely by the three coordinates of the 
centre of mass (the three transnational degrees of freedom). Therefore 
3N-3 coordinates are sufficient to fix the relative positions of all N 
nuclei with respect to the centre of mass, (the remaining three 
coordinates mav be determined bv the condition that the center of mass 
is at the origin, that is, X ^ t k^ ~ ^-X^^kYk ~ ^-^''''^k^k "= *^ )- ^^^ 
motion relative to the center of mass still includes a rotation of the 
system. The rotation alone, that is, the orientation of the system in space, 
may be described in general by three coordinates (for example, the two 
angles with two coordinate axes that fix a certain direction in the 
molecule and the angle of rotation about that direction). Thus 3N-6 
coordinates are left for describing the relative motion of the nuclei with 
ilxed orientation of the system as a whole is given by the condition thai 
the anaular momenlum is zero, that is 
dz, dv 
Z m j v, ~^-7. 
[•' d l ' dt I 
= 0 
dx,, dz, 
'[/'' dt '^  dl ) 
y m, I •/., • — ^ - x 
Int. dy, dx^  X . — - V ^ = 0 
; d l •'^ d l 
is the vibrational motion; or in other words we have 3N-6 Vibrational 
degrees of freedom. However, for the linear molecules Iwo coordinates 
are sufficient to fix the orientation and therefore we have for linear 
molecules 3N-5 \ibrational degrees of freedom. 
The number of \ibrational degrees of freedom gives the number 
of fundamental \ ibrational frequencies of the molecule, or in other 
words, the number of different normal modes of vibration. 
For am particle i carrying out a simple harmonic motion of 
frequency v the displacement Sj is given by 
s, - s, cos(2Ti:vt + (j)) (1) 
where Sj is the amplitude, t the time, and (j) a phase constant. 
From equation (1) Follous, for the acceleration, 
a = —-• = -4T:"V-S cos (zTivt + cp) 
' dt-
= - 471^ s, (2) 
Therefore, for the restoring force under whose action the simple 
harmonic motion is carried out. 
F'=m,ai = - 47T"'v"m,Si (3) 
Where nij is the mass of the particle. Thus the restoring force for any 
simple harmonic motion of frequenc}' v is proportional to mjSj at every 
moment. This holds also for the component of the motion in any 
direction. 
In a system of N particles, such as a molecule, in which every 
particle act with a certain force on every other one, in equilibrium the 
resultant of all force acting on a given particle is zero. If the particle, say 
particle 1, is displaced from its equilibrium position by a distance whose 
components in the direction of the three fixed coordinate axes are X], yj, 
Zi- there will be restoring force F which depends on the components of 
the displacement. In the most general case the components of the force 
F'.F^' .F! can be developed into a power series in Xi. Vi. Z|. However, if 
the displacement is sufficiently small and one has 
] \ = - i < : ; x , - k : ; y , - k ; : z , (4) 
I ' — ' v ! x , -k : ; y , -k : : z , 
Where the k" .k" .k'' are force constants. The neeative sisns are 
used since the F ' . F ' . F ^ for X|, yi. Zi are in general directed in the 
opposite direction of displacement of atoms. 
Equation (4) are x'alid only if all particles except particle 1 remain 
in their equilibrium positions. If the other particles are displaced as well, 
the restoring force acting on particle 1 will be changed somewhat. For 
small displacements it will again be a linear function of these other 
displacements, so that we obtain; 
K = -1<' X, -k^ly, - l<:z , -k l^x , -k^;y , -k^ ; z , - - k^^z , . 
F;'=-i<;:x,-k:.:y,-k::z,-k:jx,-k:;y,-k;;z,- -ki^z,, (5) 
K =-k:;x, -l^Iy, -k;;z, -k:;x, - k S s -k^Jz^ - - k - z , . 
Similar equations are obtained for the forces acting on the other particles 
F:=-k; ;x , -k;;y, - k ; > , - k ; ^ , -k ; :y , -k ; ;z , - - k ; ^ , 
T-2 I 21 1 21 1 21 1 22 t 22 i 22 i ^N 
F. =-kvxX, -k^.y, -k, ,z , - k , , x , - k , , y , -k^^^z. ^^  -k^ .z^ . 
r-2 1 21 1 21 1 21 1 22 i 22 i 22 i 2K /-/-x 
1-N 1 Nl I NM I N'l I N2 i , N 2 i N2 1 NN -
Here il must be known that the Xj. yj, Zi are not simply the coordinates of 
the particle i btit the displacement coordinates. The coefficients k'l 
determine how the x-component of the ibrce on the i" particle depends 
on the y component of the displacement oi' the I" particle. It can be 
shown b> Teller 11 | that 
k' =k" (7) 
W W ^ ' 
which holds for an\' i and I. where x or y may be any one of x. \- or z. 
for the simple harmonic motion, all the particles mo\e with the 
same frequency, we have to see whether the above condition (3) for 
simple harmonic motion can be fulHiled simultaneotish' for all particles 
w ith the same frequency; that is 
-* 1 
f\ = -4Tt"v"m^x,. 
F; =-47r'v'm,y,, (8) 
F' = -4Tt"v"m,Z;. 
Substituting these values in equation (5) and (6) we obtain 
47I^'-m,x, =k^^x, +k^;y, +k^^z, + k ^ x , + + k^^z^. 
47T-v=m,y, =k;;x, +k;;y, +k;^z, +k | ;x , + + k : > , . 
1 •^  2 i l l i l l 1 I ! 1 P 1 2 \ 
An'v m,z, =k^^x, +k„y, +k^^z, +k^^x, + + k;^  z^. 
47r'v'm.x, =k;|x, +kj'y, +k;'z, +k; ;x. + + K^7.^. (9) 
1 "' ^ 1 Nl 1 N'l 1 Nl I N ^ 1 NN 
47i-v-m^z, =k^,x,+k^^^y,+k„z,+k„-x.+ + 1^, z^ 
This system of linear and homogeneous equations for X], yi, Zi. x?, y2-
7.1 ZNI can not be solved for arbitrary \'alues of the coefficients 
occurring there in but. as shown b_y the theory of linear algebraic 
equations, only if the determinant of the coefficients is equal to zero. 
Thus lor certain frequencies defined by the condition 
k'! -4T:'v^m, k'! kl,. 
471" v^m, 
k',' k''-47i-v-m, 
k^ ' k!' 
k':... 
k!:... 
k'-^ ^ 
/\ 
i ; ; - 4 i i ' v 
k ^ 
•^ rn. 
. . .k NN 
k -
k -
k'" 
k -
-47i"v^m^, 
(\C 
Which is a simple harmonic motion of all particles, known as secular 
equation. The determinant is of the 3N'' degree and therefore has 3N 
roots. 
The form of any one of the normal vibrations may them be 
obtained by substituting the corresponding value of v into the set of 
equation (9) and solving for X\. y\, Z|, X2. y2. Zi z^. 
1.2 Quantum Mechanical treatment of Vibrations of polyatomic 
molecule: 
The Schrodinger equation of a system of N particles of 
coordinates X;. v,. Z; and masses m; is 
2 \ 
^ 1 ( d'\\i d'xiJ d'xii 
1 — 1 ^ ^ - + - ^ + - ^ 
m \ d\' I \ I ^ 1 d\'' dz' 
+ ~^(E-V)v | / = 0 
ir (1) 
Where v|/ is the wave function. E is the total energy, and V is the 
potential energ\' that is 
v4Z('N.x,x,+l<' .y,y,+kL^,z,)+Z(l<^.x,y,+k^,x,z,-fk: ' ,y,z,) 
in this equation it is assumed that the displacements are small. 
We are taking v|/ as following form 
M/ = v|/i(e)\|/2(6) M'3N(C?N) 
Now we shall rewrite the schrodinger equation which may be shown b}' 
Pauling and Wilson [2] then goes over into 
d'\\i d'\\i d'\\i Sii' 
L + L + L. _|_ 
d^^~ ' ^ ^ 
^y J. ^ r 
S.:;N 
E (>^lSl+?^2^2+ + ^ - 3 K ^ 5 N ) v|; = 0 
Where X, is the roots of secular equation. Let us divide the whole 
equation by i|/ then we get 
I d'\\) 1 d'\\i2 ^ 1 ^ 1 ^ 3 N , 871-
'\'l C^^ H'2 ^ ' 2 V3N ^h ll' L 
E--{^H^i'+?^2b2+ ^?'^3N^3N) -0 (2) 
This equation may be resolved into sum of the 3N equations and in 
general we can write the schrodinger equation like this 
A^-^[E,4^>'f) = 0 (3) 
Where Ei is the total energy 
i.e. E , - E , + E2+ + E3N (4) 
The equation (3) is the wave equation of a single simple harmonic 
oscillator of potential energy -ii^," and mass 1 whose coordinate is the 
normal coordinate £,j. Thus in wave mechanics as in classical mechanics 
the vibrational motion of the molecule may be considered, as a 
superposition of 3N simple harmonic motion in the 3N normal 
coordinates. 
Let us describe the energy levels of a molecule. The energy 
values of the harmonic oscillator i. are aiven bv 
V, =().!,2, (5) E. =hv,| v,+-. 
Where v,=-V;., (6) 
In 
is the classical oscillation frequencies of normal vibration i, and Vj is the 
vibrational quantum number. Therefore the total vibrational energy E of 
the system depends on vibrational quantum number. Then 
E(V,,V,,V3 .)=hV| V ,+- +hv,(v2+-) + hv3 v , + - + (7) 
V ' 2) 
if we go over the term values, 
G (v, ,v, ,V3 ) = E(vpV2,V3) 
he 
= CO, V, + -
V 2) 
+ <£i- V, - +C0, V , + • 
V 
W h e r e co, = - - . co^  ~-^.. 0 3 3 = - ^ 
e " e ^ c 
(8) 
(9) 
The coj are the (elassieal) vibrational frequeneies measured in cm" 
units. However, for v = 0, they do not give a contribution to the 
\ibrational enerav. 
,et us put V| ^ 0 V2 = 0. V3 =0. that is the lowest possible 
state, the vibrational energy is not zero but we have a zero point 
\ibrational enerev 
G(0.0.0 ) = - « , +-C0-, +-(0-, + (10) 
For a molecule with several atoms this zero point energy may 
ha\e quite a considerable magnitude. Frequently it is convenient to refer 
the \ibrational energy to the lowest possible state as zero. We have 
Gjv,.v..V3 )=G(v,,v,.V3...,)-G(0.0.0 ) 
=:a),v, + C O T V , + C O , V 3 
(11) 
The eigenfunctions are the wave functions depending upon the 
normal coordinate ^i. The mathematical form of harmonic- oscillator 
eiaenfunction is 
v|',(e,) = N ,^.e-^ -'^ '^ ' H ^ ( > , ^ (12) 
Where N is a normalization constant, a, = 2nv, /h, and H .^ Lla^E, is 
called Hermite polynomial of the v''' degree. 
Let us consider the dependence of \|/ on the displacements of 
particular atom if only one normal vibration is excited, for example, the 
eigenfunction for Vj is given by 
v|; = N H ^ ^ ( ^ ^ J e («:'2)^ M-'^ H^<".'2)^ ? (13) 
If. for a moment, we neglect the zero-point motion of all the other 
normal vibration, thai is. if we put b^^O. £,3=0 then we have 
y = vi/,fe,) (14) 
Probabilil)- distribution function v|/v|/* and vibrational 
eigenfunction depending upon the value of v shown in fig. 1.21. 
Now we ha\e the important property of \ibrational eigen 
functions, that is. The functions \\iii^\) are even or odd functions of the £,i 
depending on whether Vj is even or odd; that is. if j^ is replaced by-£,i, 
the function v|;i(£,i) remains unchanged or changes sign for even or odd Vj 
respectively. 
If a molecule has a doubly degenerate vibration, two of the co's 
are the same, sa}- CO;,.^  03i,. and the formula for the term values may also 
written as 
10 
•u = 1 0 
10 
i^^P* 8 
6 
4 
2 
0 
-2 
-4 
U c ^ 
-
' 
1 
-0.2 
-
\ y 
\ 7 \ \ V \ \ // \ 
/ •^ " " ^ \ / ^ \^ 
/ / 
•^S^^ 
-0.1 
1 
0 
\ N 
_ 
7; = 0 
N o •-. r 
0.1 0.2 
10-^ cm ' 
XIO^ 
5 ^ 
4 
3 
2 
1 
0 
-1 
-2 
•ig. 1.21: Eigenfunclions and probability distribution of the harmonic oscillator for 
v, = 0,1,2.3.4 and 10. 
11 
G(v,,v,,V3,....y,...)=co,(v,+-) + co,(v3+-) + co3(v,+-) + . 
.+ co,(v +-) (15) 
' 9 
Where we have put co^  = cO;, = oj|, and v, = y.^ + Vj, and Vj = 0. gives 
the zero point energy which is equal to -co,. 
In the corresponding total vibrational eigenllinction we have the 
(actor 
v|^-N,,e"'-"-^^^'l-K^^(7^CjH^jV«^j (16) 
Where ai = 27:V;,/h = 27iVh/h. If \., = V|, = 0, since 11„ [-Jo. ^j-Constant 
(Polynomial oi' degree zero). There is only Function, that is, the zero 
point \ibration does not introduce a dcgencracx. If the degenerate 
vibration is excited b}' one quantum, we have either V; = l, Vi,=0 or V;=0, 
\'h= 1. that is. there are two eigenfunclions for the state Vj = v.,+V5 = I of 
energy G= (o, (HI ) It is doubh degenerate, then there 
are two eignefunctions and in this case any linear combination of the 
two eigenfunctions is also an eigenfunction of the same energy level. If 
the two quanta are excited [Vi=2, G = co, (2+1)...."] we may have V;, = 
2.. V|,=0 or V;,=0. Vh=2 or v,i=I, Vi,= ]. that is, there is a triplet degeneracy 
and the three eigenfuctions. 
12 
Quite generally, the degree of degeneracy if Vi quanta of the 
doubly degenerate vibration are excited, is equal to the number of 
different ways in which \', can be written as a sum of two positive 
integers, that is. it is Vj+l. This is indicated for the eight lowest 
vibrational levels shown in tig. 1.22a. However, this hish deaeneracv 
exists only as long as strictly harmonic vibrations are assumed. 
Now introducing polar coordinates by 
^, =p ,cos(j)i 
-' ' (17) 
^b=P, sin(l)i 
It can be shown by Wilson [2] that the eigenfunciion of a doubly 
degenerate N'ibration can be written as 
.,;,=e'-'"^''^n^:;(V^p,V"^*' (18) 
where F^ ' [•Joi^p,) is a pol} nomial of degree Vj in p,-. where j = +V- 1 ; 
and where Ij can take the values 
1, =v,. v ,=-2.v , = - 4 1 or 0 (19) 
depending on whether Vj is odd or even in fig. 1.22a, the 1, values and 
degeneracies are indicated for the lower vibrational levels. The 
polynomials for the lowest Vi and \, values are 
The factor e- j 1,(1)1 in the eigenfunction indicates that there is in 
general an angular momentum of the vibrational motion. If in the two 
13 
mutually degenerate vibrations the displacement vector for each atom 
can be choosen right angle to each other and therefore the angle (j); is an 
angle in actual space. The angular momentum will be ljh/27i, where 1; is 
gi\en b>' the equation (19). 
ir 
7 7,5,3,1-
6 6,1,L',0. 
.S 5..1,1-
3 
2 
1 
0 
•1,2,0 — 
3,1 — 
2,0 — 
- • 7 
- 0 
-5 
- 4 
•3 
.15 
.10 
- 3 
(°) (^ } 
Fig. 1.22: Vibrational levels of a polyatomic molecule 
(a) a doubly degenerate (b) a triply degenerate vibration. 
For triply degenerate vibrations; three of the ors say cOa, oOb, ODJ. 
are same then the term value up to \\ 
QV, .N- , . V, )=C0, V, + 
1^  
— 
2) 
+ ft)n ( 0 Vo + -
^ ^ 2J 
•0); 
'\ +: (20;; 
14 
where cOk == 03a = cOb == (Hc and Vk = Va + Vy + v^ ., and for v^  = 0, there is 
only one eigenfunciion: that is, no degeneracy. If the triply degenerate 
vibration is excited by one quantum (Vk=l). there are tiiree 
eigenfunctions (V;,= l or v^  = 1 or v^ ; =1); that is, this state is triply 
degenerate. If the tripK degenerate xibration is excited by two quanta. 
we ma}' have v.,=2. V|,=0. Ve=0, or V;,=0. Vb=2, Vc=0; or V;,=0, V|,=0, Ve=2; 
or V;,= l, Vb=l. v'eK): or \;,= 1: Vb=0. \\=\: or Va=0. Vb=l- v^=l, that is. we 
have six-fold degenerac}'. In general, if the triph' degenerate vibration is 
excited by v^  quanta, we have a 1''2 (Vk+1) (vi,+2)- fold degeneracy 
(again only if the anharmonicity is neglected). In fig (30b) the degrees 
of degeneracy ibr the lower vibrational levels are indicated. 
In the most general case of \arious degeneracies of the normal 
vibrations the vibrational term values may be written as 
' d ^ G(v,v, .v , ) = j ;o) i v,+-;^ (21) 
V 2 ; 
where dj is the degeneracy of the vibration coj (d,;=l for non-degenerate 
vibration). 
1.3 Point Groups: 
The point groups are the possible combination of the symmetry 
operations that leaves at least one point unchanged by one of the 
operations, called point groups. 
15 
The product of two symmetn' operations equivalent to one that 
belongs to same combination i.e. a symmetry point group is a group in a 
mathematical sense. 
The molecules which belong to C2v point group contain various 
symmetry elements in that point group. If a molecule (point group) has 
two necessary elements of symmetr}' it is obvious that there are four 
different possible symmetr}' type (always assuming that there are no 
more than two-fold axes) which may be characterized briefly by 
+ + + - . - + . a \ibration (eigenfunction) may be symmetric or 
antisymmetric with respect to either elements of symmetry which has 
three elements of s)mmetry, but one of them is in each case a 
consequence of the other two; that is. by carrying out two of the 
symmetry operations in succession of same result is obtained by 
carrying out third symmetr}' operation on the original system. Therefore 
the behaviour of the vibrations and eigenfuctions with respect to the 
third operation is given by their behaviour with re.spect to the other two. 
The character table of C^x point group is given below: 
Tablel 
C2V 
A, 
A2 
B, 
B2 
Chai 
I 
+ 1 
+ 1 
+ 1 
+ 1 
acter Table of the C2V point group 
C2(Z) 
+ 1 
+ 1 
-1 
-1 
Gv(XZ) 
+ 1 
-1 
+ 1 
-1 
^y (yz) 
+ 1 
-1 
-1 
+ 1 
Translation/ Rotation 
Tz 
Rz 
Tx, Ry 
Ty, Rx 
16 
As an example, consider a the plane Y type molecule XYZ? (for 
instance. H2CO) whose normal vibration are shown in fig. 1.31. There 
are always as many different normal vibrations as there are vibrational 
degrees of ireedom. that is, 3N-6 or 3N-5 respectively. Hence the 
molecule XYZT has six normal vibrations. It has seen that the three 
normal vibrations V|.V2. V3 are totalh' symmetric, that is belong to 
species A|. the vibrations V4, V5 belong to species B2 (il'we call the plane 
of the molecule the xz plane) and V(, belongs to species BT (vibration 
antisymmetric with respect to the plane of the molecule. There is no 
genuine normal \'ibration of species AT. But there may be vibration (and 
electronic) eigenfunctions of species .A^ ; for example, if a vibration of 
species Bi and one of species BT are each excited by one quantum the 
resultant eigenfunction will be antisymmetric with respect to both plane 
of symmetry, will be species A2. 
In the Cs point group there are two types of vibration occur, one is 
symmetric and other is antisymmetric. Therefore C^  point group has one 
element of symmetry only, as in the point group C^  (one plane of 
symmetr}'). Thus there are two species for this point group, the 
symmetric one being called A', the antisymmetric one A" This is 
represented in Table 2, where +1 and -1 is used to indicate symmetric 
and antisymmetric. The last column is given for non-genuine vibrations, 
17 
(to y, 
y^ 
i» v., CO 
^ ' 
V, 
•^^ 
(=) I', (i) 
\ 
y. 
(J) 
o ^ " 
(«) y. 
e4 
(0 
O 2a o 
9 
(0 y^ 
. > N . 
Fig. 1.3]: Norma] vibrations of an XYZ. niolccul 
18 
in the x,y or z directions (Tx, Ty, T )^, and rotation about the x, y, and z 
axes (Rx, R\, Rz) that belongs to the particular species. 
Table 2: Character table for C, point group 
r 
A' 
A" 
I 
+ 1 
+ 1 
c^(xy) 
+ 1 
-1 
Translation/ Relation 
Tx, T.. R, 
T„ Rx, Rv 
As an example, consider an asymmetric triatomic molecule 
such as NOCl which belongs to the point group C^ the vibrational 
motion can take place only in the place; that is there are no genuine 
vibrations of type A". 
\n the D^ h point group the necessary elements of symmetry imply 
a center of svmmetrv. 
As an example, consider plane X(,Y6 molecule in which the 
number of vibrations of each species are 
2A,^,0A„,1A3^^,1A,^,,0B,^,2B,,,2B2„,2B3^,,1E,^,.3E„,4E,^,2E3^, 
The normal vibrations of XfiYe molecule are shown in fig. 1.32. The 
benzene molecule having D6h point group has 30 normal modes of 
vibrations in which 10 vibrations are doubly degenerate and 20 
vibrations are non-degenerate. Further classified as follows: 
4 C-H stretching vibrations 
4 C-C stretching vibrations 
2 C-C deformation vibrations in-plane 
19 
Fig. 1.32: Normal vibrations of Xd Y(, molecule (pomi group DGIO 
20 
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2 C-C deformation vibrations out-of-plane 
4 C-H bending vibrations in-plane 
4 C-C bending vibrations out-of-piane 
1.4 Vibrational Selection Rule for Infrared Spectrum: 
The dipole moment of the molecule is represented in wave 
mechanics b}' the matrix formed from the integrals 
knM^.MdT (1) 
Where M is a \ector with components 
M . = I e , x , My=Y<^x,. M . ^ Z e . z , (2) 
(e, = charge of particle i having coordinates X;. yv z,) and where v|/„ 
and v|/„i are the tinie-dependent eigenfunctions oi~ the system in two 
slates n and m. that is. 
v|/ =v|/ e= '^"-" '^'.vi/ =^, e''""-"^\v|/' =./'e'^'^'"^'"'''^*' (3) 
I n 1 II I m 1 m ' i in I in v- ' / 
the asterisk indicating the complex conjugate quantities. The diagonal 
elements of the matrix, that is, the integrals of equation (1) with n=m, 
represent the permanent dipole moments in the states n. The off-
diagonal matrix elements (n?^ m) coirespond to the transitions from the 
state n to the state m. since they have the time factor e'"" '" "' ' ' . The 
transition probability is proportional to the square of the time-
independent factor of equation (1), that is, to the square of 
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[M] = ^'„y:MdT (4) 
Now we consider the transition between two vibrational level v' 
and v" of the molecule produced by dipole radiation. Here v' and v" 
stand for the sets of vibrational quantum numbers v'l, v'2, v'^..... v"i. 
\"i. v"3 of the upper and lower state respectively or fairly good 
approximation, the total eigenfunction is the product of an electronic, a 
vibrational, and a rotational eigenfunction: 
and therclbre. since for the pure vibration spectrum the electronic and 
rotational state remains unchanged, v|/e and \|/, simply give a constant 
factor in equation (4j so that we conclude that the vibrational transition 
probability is proportional to the square of 
(M]^ "" = jv|/\.v|;";Mdx (6) 
where \|/'\ and \\J'\ are the vibrational eigenfunctions of the upper and 
lower state respectively. [M]"' is also called the transition moment of 
the transition v'-f^  v". 
Vibrational selection rules exist only when the molecule under 
consideration has elements of symmetry. In that case it is clear that the 
integral in equation (6) can be different from zero for a certain transition 
only when at least one of the components of the integrand \\i\. \\i'\' M 
23 
remains unchanged for any of the symmetry operations permitted by the 
symmetr\' of the molecule in its equihbrium position, or in other words 
when at least one of the quantities v|/\, v|,/'\ M^, v|/\, v|;"^  M ,^, 
vj;\ v|/'\ M^ is totally S)'mmetrical. This is the general vibrational 
selection rule for the infrared, which is rigorous as long as the 
interaction with rotation and electronic motion is neglected. 
From equation (2) it is clear that the components M ,^ My, M^ , have 
same beha\'iour with respect to symmetry operations as the translations 
Tx, Ty, 'IV in fliti direction of the coordinate axes; that is, they belong to 
one species of the point group of the molecule. 
1.5 Vibrational Selection Rule for Raman Spectrum: 
The Intensity of scattered light depends on the induced dipole 
moment P which is same as equation (1), is represented by the matrix-
formed from the integrals, 
\^'.^\>J\ (7) 
where P is a vector whose components along x, y. and z directions are 
Py=a, ,Ex+a, ,Ey+a3, ,E^, (g) 
P/ =a^^Ex +a^^,Ev +a^^E^. 
respectively. The time independent part of equation (7) is 
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[P"]'™ = Iv|/„P''y,.dT (9) 
where P" is the ampHiude of P. The iniensity of a Raman transition 
n-f^ m is proportional to the square of [P"]'""- Substituting P from 
equation (8) we obtain for the components of |P"|'"" are 
\K r - K ja,,v|/„i,/;,dT + E;- ja,,v|;„v|/;dT + E: ja^viy^vi/^ dT, 
[P;] = K K^'^'^--"^: ja .y.vi/ ldi + E: ja,,v|/„v|;:,dT, (10) 
[P;]"'" = E : ja„^/„v|/:,dT + E;- ja,,v|/,,v|/:dx + E: ja,,v|/„v|/:dT, 
Here. E".E' ' jr ' arc the components of the amplitude of the incident 
Hght v\a\'c and the integrals. 
|a,J"'"-ja,,v|/„vj/;„di. | a j - ja,,i|/,A|/:dT (11) 
are the matrix elements of the six components oi" the poiarizability 
tensor. The diagno! matrix elements (n = m) of a or P" corresponds to 
Raxieigh scattering, the off-diagnol elements of Raman scattering, that 
is to transitions. n<-^ m induced by the incident light. According to 
equation (10) a Raman transition n-f~>m is allowed if at least one of the 
six quantities [avx]'™ . [axv]"'" is different from zero. 
For the vibrational Raman spectrum we have again to substitute 
for i(/n and ij/m the \'ibrational eigenfunctions \\i\. and i]/'\, of the upper 
and lower states. Thus we can say: A Raman transition between two 
\ ibrational level v' and v" is allowed if at least one of the six products 
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(y-..W\w'\ ^ o~,,W\.y\>'\. , a,^i(;\i|/'\ , a„,v|/, ij/", (12) 
is totally symmetricaL that is, remains unchanged for all symmetry 
operations permitted by the symmetry of the molecule. 
Similar]}- to the previous infrared selection rule, the general 
Raman selection rule may also be stated in the following more 
convenient form: A Raman transition between two vibrational levels v' 
and V is allowed if the product vj/'v v|/"v has the same species as at least 
one of the six components axx. a^ v; of the polarizability tensor. 
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1.6 Vibrational Analysis of Benzene Molecule: 
Structure and symmetry of the Benzene Molecule: 
In benzene molecule all atoms are coplanar with the carbon atoms 
and the hydrogen atoms at the corners of concentric, regular hexagons in 
fig. 1.6: 
l-'m. 1.6!: Svmmetrv of ihe benzene molecule. 
The Kekule structure, in which alternate carbon-carbon bonds, but 
not adjacent ones, are equivalent and six-fold axis of symmetrical. On 
the Kelule model Cf,H(, would belong to the point group D i^,- Assuming 
the hydrogen atoms to be in the plane of the C atoms and in their most 
symmetrical position the point group of this model is D(,h. 
Since the point group D6h has all the symmetry elements of Dji,. 
Di.i and Qv, we can obtain the norma] vibrations for these lower 
symmetries from those of the D i^, model shown in Table 4, According to 
the Table-4, there are twelve different species for D(,|,. The number of 
vibrations of each species are for C(,H6 : 
2A,„ OAu, 1 Ao,, OB,,, 2Bu„ 2B2,, 2B2,, IE,,, 3Eu„ 4E2,, 2E2u 
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Tablc:4 Resolution of Species of nonlinear point group into those point group 
of lo^ ^ er svmnietrv 
Resolved into 
D 6li 
c 6\' 
Z ^ > Z 
D 3h 
Z - ^ Z 
D 3cl 
Z ^ Z 
2 
v„ 
z->z 
a,,->a (xy) 
G,^G (yz) 
A, , 
A, , 
A2, 
A2u 
B„ 
Bu, 
82, 
B2u 
E„ 
Ell, 
Eog 
£211 
A, 
A2 
A2 
A, 
B2 
B, 
B, 
B. 
E, 
E2 
E, 
A', 
A", 
A'2 
A"2 
A'I 
A', 
A"2 
A"2 
E" 
E' 
E' 
E" 
Ai. 
A hi 
A20 
A2u 
A2g 
A2u 
A„ 
Aiu 
Eg 
E., 
Ey 
E„ 
Ay 
A. 
B„ 
Bill 
B2g 
B2u 
B3g 
B,ii 
B.g+Bjg 
B2u+B,g 
A„+B,e 
Au+Bu, 
There are only twenty fundamentals, ten non-degenerate and ten 
doubly degenerate. In order to obtain a rough idea of the frequencies and 
from of these oscillations we may again distinguish C-H and C-C 
stretching and bending vibrations. The bending may occur in the plane 
or perpendicular to the plane of the molecule, hi this way we obtain the 
characterization of the fundamental vibration given in Table 5. 
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A graphical representation of CeH ,^ is shown in fig. 1.62. 
~i<z. 1.62: Norma! vibrations of benzene 
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It should be remembered that the diagrams give the exact normal 
modes only for those species for Vvhich there is only one vibration. 
Table 5 also shows the correlation to the less symmetrical model as well 
as the activities in all cases. 
Vibrations of Benzene molecule: 
Benzene is the aromatic compound of we studied the modes of 
vibrations of benzene then a fair amount of interaction between CC and 
CH vibrations is observed. When there is in plane interaction above 
about 1200 cm"', a carbon and its hydrogen usually move oppositely 
while below about 1200cm" they usually move in the same direction. In 
out-of-plane interaction above about 720 cm' carbon and hydrogen 
usually move oppositely while below about 720 cm" they usually move 
in the same direction. 
C-C Vibrations: 
The benzene ring modes [5] vvhich predominantly involve carbon-
carbon single and double bonds are shown in fig 1.63. There are six 
equal carbon-carbon bonds and so there will be six carbon-carbon 
stretching vibrations. If for discription's sake, the ring is though of as 
continuous helical spring in the form of a doughnut, the two components 
of the 1580 cm" vibration may each be described as opposite quadrants 
of the ring stretching while the inverting quadrants contract. The two 
31 
CONTR 
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Fig. 1.63: Carbon-Carbon vibrations of benzene ring 
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components of the I486 cm"' vibration may be describe as one 
semicircle stretching while the other contracts. Other vibrations of these 
types where the quadrants or semicircles have intermediate orientations 
to those illustrated can be described as mixtures of the {\\o fundamental 
components of each type. The 710 cm"' vibration is describe as eveiy 
other sextant going up out-of-plane while the inverting sextants go 
down. The two components of the 404 cm"' vibration may be described 
as opposite quadrants going up while the inverting quadrants go down. 
In substituted benzenes these vibrations absorbing near 1600-
1585, 1500-1430. 700. and 450 cm"' are the most useful ones in the 
infrared spectrum. These modes, particularly the first three, have 
freqtiencies which are moderately insensitive to changes in ring 
subslituents. These are discussed as follows: 
The 1600 cm"' Region: 
The 1600 cm' vibration (quadrant stretching) has two components 
which can be resolved in substituted benzenes. When the substituents 
are conjugated C. N. or 0, there is absorption between 1620 and 1575 
cm" which sometimes consists of a doublet. When the substituents are 
C=0. C=N. C=0: or NO2 conjugated with the ring, or when a 
substituent is a heavy element such as CI. S, P or Si, the 1600 cm"' 
absorption is usually a doublet at 1620-1585cnT' and 1590-1565 cm"' 
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the 1600 cm"' doublet is not very frequency sensitive to change in o, m, 
p. substitution. 
The intensities oi" the 1600 cm'' band and its relatively weaker 
companion near 1585 cm" in monosubstituted benzene rings are high 
fov electron donor or acceptor groups and low for weakly interacting 
groups. In the o-, m-, p- substituted aromatic the bands are infrared 
inacti\'e when the molecule has a centre of symmetry. 
The 1500 cm"' Region: 
The 1500 cm"' vibration (semicircle stretching) also has two 
components above 1470 cm" . The other component is lower in wave 
numbers (1420-1400 cm"' for para. 1465-1430 cm"' for other 
substitutions) in the hydrogen deformations region. For mono, ortho, 
and metasubstitution, absorption occur at 1510-1470 cm" . For para 
substitution, absorption occurs at 1525-1480 cm" . The absorption for 
para here is almost always 10-20 cm" higher than the other substitution 
and so stands out in a mixture of isomers. The intensity of the 1500 cm"' 
band is strong for electron donor group and weak or absent when these 
are not present. 
The 1500 cm" aromatic band unlike the 1600 cm"' bands can be 
misinterpreted. These vibrations interact with the in-plane CH bending 
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vibrations to a greater extent tlian those near 1600 cm"'. A hydrogen and 
its carbon move oppositely but the substituents are nearly motionless. 
The 700cm" Region: 
The 700cm"' absorption (out-of-plane ring bending by sextents) is 
a strong bands in mono. meta. di. and symmetrical trisubstituted isomers 
occurring at 710-675 cm"". There is interaction with CH out-of-plane 
bending as the 2.4. and 6 h\drogens have considerable amplitudes in the 
same direction as the 2.4. and 6 carbons in these isomers but the 1,3. and 
5 substitutents and hydrogens are nearly motionless. 
The 450 cm"' Region: 
The 450cm"' band (out-of-plane ring bending by quadrants) is 
somewhat variable in frequenc}' due to interaction with out-of-plane 
substituent bending. Monosubstituted benzenes absorb at 580-450cm'', 
ortho at 490-430cm"\ meta at 470-430cm''. and para at 580-470cm"' |3]. 
Carbon Hydrogen Vibrations: 
When the hydrogen vibrations are considered separately for 
con-elation purposes benzenes itself (which has six hydrogen atoms) will 
have six hydrogen stretching vibrations, six in-plane hydrogen bendings, 
and six out-of-plane hydrogen bendings. In substituted benzene rings, 
the hydrogen stretching vibration give rise to bands at 3100-3000cm"'. 
Bands involving in-plane hydrogen bending vibrations absorb at 1300-
35 
1000cm"'. Bands involving the out-of-plane hydrogen bending 
vibrations absorbs from 100cm'' to 675 cm' . 
The 900-675 cm"' Resion: 
Due to ihe coupling between adjacent hydrogens and much 
weaker coupling between hydrogens separated by substituting groups, 
we fmd infrared correlations for out-of-plane hydrogen vibrations 
depending upon ihe number of adjacent hydrogen atoms in the ring 
shown in fia 1.64. 
® \ . < N ^ 
795-770 850-795 
ISOL. 
H 
890-835 
Fig. 1.64: In-phase. out-of-plane wagging vibrations of adjacent hydrogens on an 
aromatic ring. 
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Six adjacent liydrogens in benzene given to an in phase out-of-
plane \ibration. which absorbs at 770-730cm" . Four adjacent hydrogens 
in ortho absorbs at 770-735cm"'. There adjacent hydrogens in meta and 
vicinal tri have an in phase out-of-plane vibration which absorbs at 795-
770cm"". Two adjacent hydrogen in para, unsymmetric tri-, and vicinal 
ictra- absorb at 850-795 cm''. An isolated hydrogen in meta, 
LinsN'mmetric tri, symmetric tetra. unsymmetric tetra and penta gives the 
absorption at 890-835 cm" . 
The strong aromatic bands in 850-675 cm" region are shown in 
fig 1.64 where the arithmetic means in cm"' and standard deviations like 
a para substituted benzene ring, because of the two adjacent hydrogens. 
Nilro group and carbonyl group of carboxxi acids, esters salts, or 
amides directly on the ring alter the bands in the region and make 
interpretation diiTicult, probably due to interaction with out-of-plane 
\ibratJons of the group. Aromatics with these group should be 
considered separately. Correlations have been made for aromatic rings 
substituted only with hydrocarbon substitutuents. 
The 1300-1000 cm"' Region: 
There are usually a number of medium- weak sharp bands in the 
1300-1000 cm" region, many of which involve in plane hydrogen 
rocking vibrations below 1200 cm"' a carbon tends move in the same 
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direction as its hydrogen moves. In tliese bands as some hydrogens 
moving clockwise while others in opposition move counterclockwise. 
For example, monosubstituted aromatics have bands near 1027 cm"' (2,3 
hydrogens clockwise vs. 5,6 counter clockwise). 
These sharp medium- weak bands are of \'ariable intensity some 
being quite weak. Other vibrations occur here such as the "radial" 
modes interacting with substituent single bond stretching modes, 
methyl rocking modes of methyls on the ring (1040cm' ). 
A nonhydrogen vibration given rise to a sharp band near 995 cm' 
in mono and meta isomers only. In this vibration the 1,3 and 5 ring 
carbons (with substituents) remain nearl}- stationary while the 2,4 and 6 
carbons move radially in phase. 
The 2000-1750 cm'' Region: 
In this region are a series of unusually intense overtones and 
combination bands which are different for the various substituted 
benzenes. For them the patterns are shown in fig 1.65. 
The 3100-3000 cm' region: 
In this region are found multiple weak bands due to aromatic C-H 
stretching vibrations. 
to 
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,2 ,3 ,5-TETRA 1.2,4.5 - TETRA 1.2 .3 .4-TETRA 
Fig. 1.65; Characteristic patterns of overtone and combination bands for various 
substituted benzene rinas. 
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Raman Correlations for Substituted Benzenes: 
In the Raman effect most aromatics show bands at 1620-1565 
cm"' (quadrant stretch) whether there is symmetry or not. 
A very strong Raman band occur at 1005-900 cm' in the spectra 
of mono, meta di, and symmetrical trisubstituted benzenes which is 
absent in ortho and para isomers. In this vibration the 1,3 and 5 ring 
carbons and substitutents are nearly stationaiy while 2,4 and 6 carbons 
move readially in phase (This may be seen in the infrared spectrum as a 
weak sharp band in mono and meta isomers). 
Monosubstituted benzenes usually have a second Raman band at 
1030-1015cm"'. This is predominantly an in plane CM band where the 2, 
and 3 hydrogens move clockwise while 5, and 6 move 
counterclockwise. Ortho substituted benzenes have a strong Raman 
band at 1045-1030 cm"' which is related to the mono band in that the 3, 
and 4 hydrogens move clockwise while the 5, and 6 hydrogens move 
counterclockwise wise (Both of these are also infrared bands of medium 
weak intensity). 
A depolarized Raman band occurs at 625-605 cm"' for mono aand 
at 660-625 cm' for para isomers which is due to one component of the 
in-plane ring bending by quadrants where the 1. and 4 ring carbons do 
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not move radially and the substituents are nearly motionless. Ortho and 
meta isomers do not have a depolarized band here. 
A very weak Raman band occurs in monosubstituted benzenes at 
415-400 cm"' which is due to one component of the out-of-plane ring 
bending by quadrants where the substituent does not move. 
1.7 Derivatives of Benzene Molecule: 
Aromatic hydrocarbons exhibit a large number of characteristic 
bands due to the C-H stretching, C=C skeletal, and C-H bending 
vibrations. The type of substitution can be easily determined by means 
of the well-established characteristic regions of absorption. The 
important frequencies of benzene derivatives are listed in Table 6. 
C-H Stretching Vibrations: 
Aromatic compounds show the C-H stretching absorption in the 
region 3100-3000 cm' and may thus be differentiated from saturated 
compounds. Fox and Martin [7] have examined the spectra of several 
aromatic compounds and have found that they generally give rise to 
three bands near 3038 cm' . These aromatic C-H stretching vibrations 
have been employed for the estimation of various aromatic components 
jnixed with aliphatic derivatives. The spectra of several monosubstituted 
benzenes have been studied and found a band around 2934 cm'' and two 
to five bands in the 3100- 3000 cm'' region only one of which can be 
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Table 6: Major Frequencies i 
C-H Stretching 
1620-1400 region 
1 225-950 region (characteristic of 
substitution- wealc bands) mono-
1,2-
1,3-
1,4-
1,2,3-
1,2,4-
1,3,5-
cm"') of benzene derivatives 
3100-3000 (Sharp) 
1600,- 1580,-1500, and- 1400 
(variable intensity) 
1175-1125, 1110-1170, and 1070-
1000 
1225-1175,1125-1090, 1070-1000 
(2 bands and 1000-960) 
1175-1125, 1110-1170, and 1070-
1000 
1225-1175, 1125-1090, and 1070-
1000 (2 bands) 
1175-1125,1110-1070,1070-1000 
and 1000-960 
1225-1175,1125-1090,1070-1000 
(2 bands) and 1000-960. 
1175-1125, 1070-1000 
C-H out-of- plane deformation (all the bands are strong) 
E5enzene 
Monosubstituted 
] ,2- Disubstituted 
1,3- Disubstituted 
1,4- Disubstituted 
1,2,3- Trisubstituted 
1,2,4- Trisubstituted 
1,3,5- Trisubstituted 
1,2,3,4- Tetrasubstituted 
1,2,3,5- Tetrasubstituted 
1,2,4,5- Tetrasubstituted 
Pentasubstituted 
Five adjacent free hydrogen atoms 
Four adjacent free hydrogen atoms 
Three adjacent free hydrogen atoms 
Two adjacent free hydrogen atoms 
One free hydrogen atoms 
671 
770-730 
770-735 
810-750 
833-810 
780-760 
825-805 
865-810 
810-800 
850-840 
870-855 
870 
770-730 
770-735 
810-750 
860-800 
900-860 
assigned to a combination band. The frequency of the strong band in the 
3000 cm'' region does not correlate too well with molecular 
environment. The 3200-3000 cm"' bands in paradisubstituted benzenes 
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have also discussed by different workers. The C-H stretching vibrations 
of several benzene derivatives, some of which are reproduced in fig. 
1.71 have been recorded by Wiberley by employing a lithium tluoride 
prism. The patterns for ortho-, meta-, and para-derivatives are 
considerably different but definitive correlation can not be established of 
the sixty compounds investigated, 23% show one band in the 3100-
3000 cm"' region, while 77% show three or more bands. If a halogen 
atom is present in the compound, a band is always found in the region 
3096-3048 cm"'. Monosubstituted derivatives show more bands than di-
and tri- substituted derivatives. The monosubstituted derivatives 
resemble benzene more closely. 
Near Infrared Spectra: 
Benzene shows the first C-H stretching overtone at 5934 cm" and 
the second at 8749 cm"' and combination bands at 7059 and 6915 cm"'. 
The third overtone is found around 11,360 cm" under high resolution, 
the first overtone exists as three peaks. In monoalkylated benzenes the 
second overtone remains unchanged in position and intensity with 
different alkyl substituents, while in polysubstituted compounds the 
band positions are shifted. The higher overtones are also not affected 
great]}- b\' alkyl group. Substitution by polar groups shifts the posifions 
of the overtone bands. 
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Fiii. 1.71: C-H stretching absorption bands in benzene derivatives 
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Absorption in the 2000-1650 cm" Region: 
Benzene deri\atives exhibits weak overtone and combination 
bands in the region 2000 -1650 cm' which are characteristic of the type 
of substitution. These absorption bands are easily observed if there are 
no interfering bands due to carbonyl group, etc. Typical absorption 
patterns of substituted benzenes in this region are shown in fig 1.72. 
Absorption in the 1620-1400 cm' Region: 
Simple benzene derivatives generally show absorption in the 
1500-1480 and 1610-1590 cm"' regions while the complex derivatives 
show these bands in the wider range. The band near 1600 and 1500cm" 
are highly characteristic of the aromatic ring itself and provide a means 
of identifying aromatic structures. It is fairly well established that four 
bands between 1650 and 1450 cm" are due to the C-C skeletal modes. 
The bands near 1600cm" is often very weak and the band around 
1450cm" lies very close to the CH2 scissoring frequency. The band 
positions and intensities are dependent on the type of substitution and 
the nature of substituents. In conjugate structures, the bands are very 
weak and appear as shoulders. Generally the 1500 cm"' band is stronger, 
than the band at 1600 cm"'. Conjugation with groups like C = C, C = 0, 
and NO2 causes intensification of the bands. In nitro derivatives, the 
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bands positions are usually shifted to higher frequencies. The C-C 
skeletal frequencies are also sensitive to mass effect. 
Absorption in the 1225-950 cm' Region: 
Weak absorj3tion bands are observed in the region 1225-950 cm' 
region in benzene derivatives, due to the C-H in-plane deformation 
vibrations. These bands are not very useful for structural or analytical 
work because of their low intensity. The absorption regions for different 
substitution types are summarized in Table 6. 
C-H Out-of-plane bending Vibrations in the 950-650 cm' Region: 
Intense absorption bands are found in the region of 950-650 cm' 
due to the C-H out-of-plane deformation vibrations. These vibrations are 
highly characteristic of substitution type and afford the best method for 
identification and characterization of benzene derivatives. The regions 
of characteristic absorption for different substitution type are 
summarized in Table 6. Substitution with polar groups often shifts these 
bands beyond the ranges given in the correlations. The quantitative 
analysis of mixtures of substituted benzene isomers can be easily carried 
out employing these bands. 
In monosubstituted benzenes the 750cm'' bands occasionally 
shows splitting due to steric effect or intermolecular interactions in the 
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solid slate shown in fig 1.73. The 750-cm'' band is very sensitive to 
mass effect. 
UJ 
U 
z 
< 
cc 
760 710 cm 
Fig. 1.73: C-H out-of-plane deformation bands of Iriphenylbismuthine 
(a) in solid stale (Nujol mull); (b) in carbon disulfide solution 
Several empirical correlation of oul-of-plane vibrations in 
substituted benzenes have been proposed. For 1.3.5- trialkylbenzenes an 
empirical equation v = 835 + 10 a -^^  15b. where a is the number of first 
substitutions in methyl groups and b is the number of second and third 
substitutions. The frequency displacement from the mean of para 
disubstituted compound has been found to be nearly equal to the sum of 
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the displacements of the two individual mono-substituted derivatives. It 
has been found that electrophilic substituents generally cause a positive 
shift oi" the C-H oul-of-plane bending frequency and an explanation 
based on the orbital theory. p-Dialky!benzenes have been found to give 
anomalous absorption due to the C-H out-of-plane vibrations, possibly 
due to rotational isomerism. 
Absorption of Substituents: 
Characteristic frequencies due to substituents in aromatic systems 
ha\'e been studied Katritzky and co-workers have investigated methoxy 
and ethox\- deri\atives |8|. amino, methxiamino and dimethylamino. In 
methoxy and ethox}' derivatives, the asymmetric and symmetric 
bendings vibrations are found in the regions 1480-1460 and 1446-1436 
cm"'. The asymmetrical and symmetrica! bending vibrations of the 
N-CH:, group in methylamino compounds have been found in the 
regions 1460-1457 and 142.5-1408 cm' . The CH3 rocking vibration in 
these derivatives has been assigned to the region 1190-1108 cm"'. The 
C-C stretching vibration of the ethoxy group has been assigned between 
984-956 cm" . In halogen (Chloro, bromo. and iodo) benzene derivatives 
a new band is found around 1100 cm"' which is characteristic of 
substitution [9] and it appears likely that absorption in this region is due 
10 an activated ring vibration. Characteristic absorptions of methylene-
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dioxy, methoxy. and elhoxy groups attached to aromatic nuclei have 
been found. The 3- substituted phenoxy group has been found to show 
characteristic intense absolution in the region 980-885 cm"', where X is 
the hydrogen or phenyl and Y is a halogen, alkyl. or aryl group. 
X — 0 
Y 
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1.8 Amines: 
Primary amines can be identified by the presence of two absorption 
bands in tiie NH stretching region arising from tlie symmetric and 
asymmetric vibrations of the hydrogen atoms, hi some cases a third band is 
shown in the region due to hydrogen bonding effects. Hydrogen bonding 
resuUs in a shift towards lower frequencies in ail cases, but the bonds are 
considerably weaker than those of OH groups, so that bands are sharper 
and are not shifted to anything like same extent. Unfortunately there is a 
good deal of overlapping between the OH and NH vibrations in this region, 
so that differentiation is not always possible. Frequency shifts of the NH 
stretching vibration occur also in amino-acids and hydrochlorides in which 
amine group is charged (NHj^). 
Primary amines also show an NHT deformation absorption near 1650 
cm' and like the stretching mode, this is subjected to frequency shifts on 
hydrogen bonding. In addition to these, a characteristic band can often be 
identified in aromatic amines, which is probably a C-N stretching 
absorption. There is also an absorption in the low frequency region 
corresponding to the external deformation of the NH2 group, but its 
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position in relation to the structural environment has not been adequately 
defined. 
Secondary amines show only a single NH stretching band in the 
3500-3200 cm"' region, which is also subjected to small changes on 
hydrogen bonding. The NH deformation in these compounds is too weak, 
although there appears to be an enhancement of the intensity in a limited 
number of cases; thus the NH deformation may be responsible for the 
amide double bond shown by secondary amides. As with primary amines, 
C-N linkages of aromatic compounds can be identified. 
Table 7: Major Frequencies of Amines 
NH Stretching Absorption. 
Primary amines, T 
Lowered on hydro 
Secondary amines 
wo bands 
gen bonding or 
One band 
NH Deformation Frequencies 
Primary amines 
Secondary amines 
C-N Vibrations 
Aromatic amines 
Primary 
Secondary 
Tertiary 
in the 
3500-3000 cm''(m.) 
solid state. 
3500-3300 cm''(m.) 
1650-1590 cm"'(s.m.) 
1650-1550 cm"'(v.w.) 
1340-1250 cm"'(s) 
1350-1280 cm"'(s) 
1360-1310 cm"'(s.) 
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Tertiary amines are extremely difficult to identify spectroscopically. The 
C-N stretching band in aromatics can be identified in some cases, but 
there is no satisfactory correlation for aliphatic material. The correlations 
discussed are listed in Table 7. 
NH Stretching Vibrations: 
The occurrence of an absorption band near 3500 cm" in primary 
amines was first noted by Coblentz [10], and the fact that this was of 
general occurrence and was to be associated with the N-H stretching 
vibration was established by Bell [11], and by Ellis [12], who examined a 
considerable number of compounds and were able to show that the 
absorption was present in all primary and secondary amines, but absent 
from tertiary materials. 
Primary Amines: 
Primary amines in dilute solution in non-polar solvents give two 
absorption bands in the region 3500-3300 cm' . The first of these, which is 
due to the asymmetric stretching mode, is usually found near 3500 cm" and 
the second, which arises from the corresponding symmetrical mode, near 
3400 cm" . Both of these are subjected to small changes with alternation of 
the polarity of the solvent, and to rather larger changes in concentrated 
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solution in whicli intermolecular association can occur. Intermolecular 
bonding also lowers these frequencies. 
This assignment rests mainly upon the examination of single 
comj30unds such as methylamine and of aniline both of which have been 
extensively studied. The former absorbs at 3481 cm' and 3395 cm" . In 
addition of a number of NH compounds have been studied by Richards 
and by Flett both of whom have produced evidence that small changes in 
the NH frequencies are predominately related to changes in the force 
constants of the NH bonds. In this way this way there should be a 
relationship between the basicity of an amine and its NH stretching 
frequency. 
Secondary Amines; 
Secondary amines show only a single NH stretching absorption in 
dilute solution, although a second band at low frequencies is sometimes 
shown at higher concentrations when hydrogen bonding effects occur. 
As before, the data on which this correlation is based are widely 
scattered and of unequal value. Fuson et al. have determined accurately the 
free NH absorption of indole, pyrrole, carbazole, and diphenylamine as 
3491 cm.'', 3496 cm.'', 3483 cm.'' and 3433 cm."' respectively. Richards 
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and Burton confirm the latter figure and quote also 3430 cm.' for methyl 
and ethyl anilines. Morion, Ramsay and Jones [13] quote a range of 3480 -
3440 cm."' for a series of secondary amines associated with alkaloids, and 
comment that the persists in piperidine and related structures, but in much 
reduced in intensity. Witkop [14] has also examined a number of indole 
derivafives, and found values in the range 3472-3378cm' . Randall et al. 
[15] have quoted an over all range of 3500 - 3050 cm." for the free NH 
vibration, but in fact most of the spectra on which this is based were 
determined on solid materials. 
NH Deformation Vibrations: 
Primary Amines : 
hi the primary amines the NH: internal deformation mode occurs in 
the range 1650-1590 cm" in simple amines, but this is based on an 
extremely limited number of compounds, such as methylamine, aniline 
hydrazine and substituted hydrazines. There is, however, much more data 
available on the simple amides in which the NH2 deformadon in this region 
has been fully studied by many workers and these provide some indirect 
supporting evidence for this assignment, and the corresponding band in 
secondary amides does in fact arise from the NH deformation mode at all. 
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Deuteration work has, however, strengthened the case for regarding this 
absorption in primary amines as being due to NH deformations, although a 
number of bands at longer wave-lengths are also affected. However a band 
in the 1650-1590 cm' range appears in almost all the spectra of primary 
amines. The exceptions are largely certain aromatic materials in which the 
NH deformation absorption is obscured by the aromatic ring vibration near 
1600 cm''. Thus ortho-chloroaniline shows only a single strong band at 
1613 cm'' whereas the meta-substituted compound absorbs strongly at 1613 
cm" and at 1597 cm' . 
As a deformation mode this absorption moves to higher frequencies 
on bonding but the shifts are often not sufficient to take the absorption out 
of the overall range quoted. Primary amines show absorptions at longer 
wave-length due to the external deformations of the NH2 group, but very 
little is known of these. Most primary amines show broad absorption in the 
range 900-650 cm' which alter in shape and frequency with alternations in 
the degree of hydrogen bonding. 
Secondary Amines: 
The NH deformation absorption, which is a strong to medium 
intensity band in primary amines, is usually extremely weak in secondary 
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aliphatic amines, so tliat it frequently can not be detected at all with the 
film thicknesses normally employed with secondary aromatic amines the 
position is confused to some extent by the presence of the ring C=C 
stretching absorptions in the same region coupled with the fact that in 
certain cases these become intensified when a nitrogen atom is directly 
attached to the ring. Witkop and Patrick [14] have quoted a band at 1613 
cm"' as being typical of the structural elements C(,!-l5-N-G—, where C does 
not have double bond. In the spectra of a number of indole derivatives 
which they quote to illustrate this point only a single band is shown in this 
region, and this is presumably the aromatic band; nevertheless in the 
spectrum of methyl ketol, which does have a double bond at C, this band is 
notably weakened in intensity. However, Wiktop and Patrick describe a 
strong band in the 1639-1600 cm' range as being "Characteristic of anilino 
structures in general and of indolenines in particular". The structure 
Ph-N=C-, which they associate particularly with their band, contains of 
course the C=N link, which is also to be expected to absorb in this region, 
or when conjugated, to interact with the aromatic ring vibrations. 
Randall et al.[15] have also discussed the "anilino" structure and 
given correlations for it, but these seem to be essentially similar to those of 
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the normal aromatic system coupled with an intensification of a third band 
at 1610-1590 cm'' which is normally weak or absent. 
Clearly, the aromatic secondary amines do not in general show any 
special characteristics in this region, which would distinguish them from 
other aromatic compounds other than an intensification of 1600 cm" band 
in some cases, and possibly of a small shift towards higher frequencies of 
the band near 1500 cm' . 
C-N Stretching Vibrations 
Aromatic Amines: 
Colthup [16] has given the following correlation for aromatic 
amines. A strong band appear as follows: 
Primary Amines 1340-1250 cm''; 
Secondary Amines 1350-1280 cm' ; 
Tertiary Amines 1360- 1310 cm''. 
These are based on this own unpublished work, and no publication have 
delt in detail with these particular correlations. However, its persistence in 
the same approximate frequency range in all three types indicates that these 
must be C-N stretching vibrations the frequency of which is largely 
determined by the aromatic character of the carbon atom. 
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In this way, it can be regarded as being comparable with the C-0 
stretching absorption near 1250 cm' in esters and acids. Colthup's findings 
are fully supported by the spectra of about forty aromatic amines of various 
types and also by the spectra of a number of anilino derivatives of 
phosphorus containing the structure P-NH-Ar. The frequency appears to 
shifl slightly within the ranges given with different types of ring 
substitution. 
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CHAPTER-2 
EXPERIMENTAL OBSERVATIONS OF VIBRATIONAL 
FREQUENCIES OF SUBSTITUTED ANILINE 
2.1 Introduction: 
In the infrared spectroscopy we deduced the organic chemical 
groups in the material of unknown structure by the observations of 
characteristic frequencies by William [1], Evans [2] and Flett [3] have 
recorded the infrared absorption spectrum of aniline after that Sharma 
and Dwivedi [4] have studied the vibrational spectra of Chlorinated 
methyl anilines and presented a complete vibrational analysis 
identifying the fundamentals and their modes of vibrations. Puranik et 
al. [5] have been studied the solvent effects on the infrared and Raman 
spectra of three isomeric methylanilines. Raman spectra of o- and m-
methyl anilines have been reported by Herz and Kohlrausch [6], Biswas 
[7]. They recorded the absorption spectra of three isomeric methyl 
anilines in vapour, liquid and solid phases and studied the changes in the 
absorption spectra with change of phase of substances. The infrared 
absorption spectra of o-methyl, m-methyl, N-methyl and dimethyl 
anilines in the liquid phase have been recorded in the region 4000-
250cm"', using a Perkin-Elmer Model 521 double beam infrared 
spectrophotometer. The instrument uses the optical null principal with a 
diffraction grating as the dispersing means and automatically records 
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transmittance (or absorbance) versus frequency on a chart. The analysis 
of bands and the assignments of fundamental frequencies of different 
modes of vibrations have been proposed [8] and observe that o-methyl 
and m- methyl anilines belonging to Cs point group while N- methyl and 
dimethyl anilines as belonging to C^ v point group. 
2.2 Experimental Details: 
The chemicals o-, m-, N-. methvl and dimethvl anilines are the 
aromatic compound. It was obtained from the BDH com., England and 
was used as such. 
The infrared spectra were recorded in the liquid phase by using a 
CsBr cell of thickness 0.025 mm on a Perkin Elmer Model 521 in the 
region of 250-4000 cm" 
Structural formula of substituted Aniline: 
o-Methyl Aniline is disubstituted benzene. In this molecule, two 
hydrogen atoms of benzene in 1-and 2-positions are replaced by -NH2 
NH. 
CH, 
and -CH3 group respectively 
2. m-Methyl Aniline is also disubstituted benzene. Here two 
hydrogen atoms are replaced by-NHi and -CH3 group in 1-and 3-
positions respectively of benzene. -^^2 
C^H^  
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3. N-Methyl Aniline is monosubstituted benzene. Here one 
hydrogen atom benzene in position-1 is replaced by-NH (CH3) group. 
NH(CH3) 
4. Dimethyl Aniline is also monosubstituted benzene. Here one 
hydrogen atom in position 1 is replaced by- N (CH3)2 group. 
N(CH3)2 
2.3 Perkin-Elmer Model 521 Spectrophotometer: 
Perkin-Elmer Model 521 spectrophotometer is an analytical 
instrument designed for spectroscopic studies of the radiant energy 
absorbed by molecules of gaseous, liquid or solid samples in the 4000-
250 cm"' region. The instrument uses the optical null principle with a 
diffraction grating as a dispersing means and automatically records 
transmittance (or absorbance) versus frequency on a chart. Model 521 
Spectrophotometer shown in fig. 2.31 
Principle: 
The Model 521 spectrophotometer creates a continuous recording 
of the infrared transmittance of a sample as function of the frequency of 
the incident radiation by movement of pen over a chart attached to a 
rotating drum. The infrared source produces two beams, a sample beam 
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and a reference beam. An optical attenuator monitors the reference beam 
as a sample selectiveh' absorbs the sample beam. As shown in fig. 2.32. 
lo is the intensity of the reference beam and sample beam. 1 the intensity 
of the sample beam, after sample absorption, and li the intensity of the 
reference beam after the optical attenuator. 
A sector mirror rotating at 13 cps combines the beams which then 
pass through the monochromator and fall on the detector. When the 
sample begins absorbing, an instantaneous change in 1 appears as a 13 
cps error voltage at the detector. This voltage is amplified converted to a 
60 cps \'ollage. and derives a servo motor to change the position of the 
optical attenuator until h equals I. The position of the optical attenuator 
is then a direct measure of the transmittance of the sample. 
A potentiometer connected to the optical attenuator converts any 
attenuator movement into a proportionate voltage, which becomes the 
derive signal to a pen servo loop for recording of transmittance. Then 
pen servo loop also provides for ordinate scale expansion, scale 
compression and linear absorbance recording. 
A slit servo obtains its derive signal from a non-linear 
potentiometer driven by the frequency drive. This signal prograrns the 
slit to provide constant radiation power at the detector. The amount of 
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power can be adjusted as desired. Alternatively, the slit opening can be 
fixed at any constant value. 
An automatic gain control system can be used to keep the 
attenuator servo loop responsive in the presence of reference beam 
absorption by utilizing an optically produced 26 cps signal to regulate 
the 13 cps amplifier gain. This feature is particularly helpful in 
differential recording. When !„ decreases by some factor, the gain 
increase by the same factor, and lo increases again, the gain decreases 
proportionally. 
A lever located on the top of the Extended Range Interchange 
(E.R.I), permits manual selection of either LINEAR or scale change 
(SC) modes of operation. Both of these modes can be used either with or 
\N ithoul SCAN PROGRAM. When the E.R. I. is used in the linear mode, 
in conjunction with program scanning, the entire 4000 to 250 cm"' 
region is scanned approximately within the time indicated on the scan 
time control. 
Specifications: 
The frequency range of this Model 521 spectrophotometer is 
4000-250 cm"' with the accuracy + 1/2 cm"' which is indicated on the 
Irequency counter and the resolution is 0.3-1000 cm"'. The power 
requirements of this instrument is 117 volts, 60 cps, where as the 
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maximum power demand is 500 watts, and average power demand is 
350 watts. The size of this instrument is 40" x 20" x 22". 
Source and Source Optics: 
Infrared energy is radiated by the Nernst glower which is 
connected in series with the platinum wire heater and a 150 watt ballast 
lamp shown in fig. 2.33. A fixed voltage 60 volts is provided to the 
heather and a variable voltage, 100 to 190 volts, to the glower and the 
ballast. 
The Nernst glower has a negative temperature coefficient of 
resistance and is essentially non-conducting at room temperature. When 
the POWER switch is ON, current flows through the heater, raising the 
temperature and lowering the resistance of the glower until it conducts. 
The contacts of relay K2501 then open, disconnecting the heater supply 
from the circuit. As the glower continues to conduct, its temperature 
would continues to rise if it were not ballasted by the current limiting 
resistance of the 150 watt lamp. 
Current applied to the source can be varied from 0.6 to 1.0 
amperes. The current is normally adjusted to 0.8 amperes and provides 
an emission curve. If higher currents are used, only the higher frequency 
radiation is increased and the life of the glower is shortened. The glower 
does not deteriorate quickly at normal operating temperatures. 
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Fluctuations in source emission are automatically cancelled out by the 
double beam system. 
Radiant energy from the source is separated into a reference and a 
sample beam by two pairs of mirrors. Mirrors Ml and M3 focus the 
sample beam on the comb and M2 and M4 focus the reference beam on 
the optical attenuator as shown in fig 2.34. Each source image is 
magnified to twice its original size to ensure that the optical system is 
properly filled with light. 
Sampling Area: 
Reference and sample beams enter the sampling area five inches 
apart and parallel to one another. The sampling area is five inches by 
fourteen inches and accommodates a wide variety of sampling cell up to 
10 cm" in length. 
Optical Attenuator: 
The optical attenuator, the standard of ordinate accuracy in the 
instrument is a metal foil, so that its transmission, changes linearly along 
its length. Since it attenuates the reference beam to equalize the 
intensities of the sample and reference beams, its position at null is a 
direct measure of the transmittance of the sample. The attenuator is 
positioned by a servo motor. A linear potentiometer mounted on the 
attenuator shaft transmits the position of the attenuator to a Pen Servo 
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System, making the movement of the pen a record of the attenuator 
position. 
Comb: 
When the comb is moved in a sample beam, the servo motor 
drives the optical attenuator in the reference beam to equalize the beam 
intensities. The action provides a means of setting the position of the 
optical attenuator and the pen at the level desired. The comb is adjusted 
with 100% .AD.IUST Control. 
Photometer: 
The sample and the reference beams are combined into a single 
beam by rotating sector mirror M7 In Tig 2.34. This single beam now 
consists of alternate sections of reference and sample beam radiation in 
the photometer when the instrument is at an optical null the alternate 
beams are of equal intensity. However, when the instrument is not at a 
null, the two beams produce an alternating signal proportional to the 
difference in beam intensities. This signal is used to move the optical 
attenuator in the reference beam to equalize the sample and reference 
beams. Arrangement of source and photometer optics is such that both 
the sample and reference beams are identical in size and have identical 
path. 
Sector Mirror: 
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The sample and reference beams are combined by the semi-
circular sector mirror which rotates at 13 revolutions per second. The 
sector mirror either reflects the sample beam or passes the reference 
beam to establish a 13 cps beam switching frequency. This frequency is 
used because it is low enough to allow the detector to respond, yet high 
enough to permit fasl scanning speed. 
Monochromator: 
The monochromator performs three functions: 
1. It disperses the radiation into its component frequencies. 
2. It selects the particular narrow band of frequencies to be 
transmitted to the detector. 
3. It controls the power level at the detector and consists of the 
entrance and exit slits. SI and S2, an 18" off-axis paraboloidal 
mirror Ml 1. a small flat mirror M12 and gratings. The model 521 
utilizes filter which are located in the back of the exit slit. The 
recombined beam in the photometer is focused the entrance slit 
SI by toroidal mirror M9. The beam diverging from SI is 
collimated by the off-axis paraboloid and reflected toward the 
grating. At the grating, the component frequencies of the beam 
are diffracted by different amounts, depending on frequency. The 
diffracted beam, after reflection the exit diagnol Ml2 is then 
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focused on the plane of the exit slit S2 by the paraboloidal mirror 
Mi l . 
Counter: 
A four digit counter indicates the frequency. The counter is 
always geared to the lead screw on the E.R.I., or to the worm gear on the 
other interchanges consequently even though the interchanges are 
removed and reinstalled, the counter does not need to be zeroed. 
Slits: 
The momochromator slits, each 12 mm high, are coupled together 
and are operated simultaneously by a lever arm controlled by a slit cam. 
A counter is mechanicalK connected to the slit drive mechanism and 
indicates slit openings in microns. 
Detector Optics: 
After leaving the monochromator. radiant energy is reflected by 
flat mirror Ml3 to ellipsoid mirror M14. The foci of the ellipsoid are 
located at the exit slit of the monochromator and the sensitive area of the 
thermocouple detector. The slit image on the thermocouple is reduced 
by 6:1, permitting the use of a small detector for improved signal-to-
noise ratio. 
Detector: 
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The detector, a high speed, sensitive, strip of blackened gold leaf. 
The blackened gold leaf is an excellent absorber of infrared radiation 
and because of heating effect of such radiation, its temperature indicates 
the amount of incident power. The signal from the thermocouple is 
approximately 2 micro-volts per microwatt at 13cps. At a slit schedule 
of 1000, which is a compromise suitable for survey spectra between 
resolution and signal to noise ratio, the full scale signal beam intensity 
corresponds to a thermocouple signal of about 0.20 (.i volts rms. 
2.4 Discussion: 
The analysis of the bands and the assignment of fundamental 
frequencies to different modes of vibrations have been proposed 
considering o-methyl and m-methyl anilines may belongs to C^  point 
group and N-methyl and dimethyl anilines belong to Cov point group. 
The trace of the infrared spectra on Perkin-Elmer spectrometer of these 
molecules in the liquid phase are shown in fig 2.41 and 2.42 and wave 
numbers of the bands along with their probable assignments are given in 
Table 1.2,3 and 4. 
N-H Stretching Vibrations: 
The occurrence of an absorption band near 3500 cm'' in primary 
amines was first noted by Coblentz [9] and the general occurrence of 
N-H stretching vibrations in most of the primary aromatic amines was 
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Tablel: Assignment Fundamental Frequencies of o-Methyl Aniline 
Raman Frequencies 
cm" 
263(3) 
-
-
-
509(3) 
579(3) 
-
739(7) 
841 (2) 
923 (0) 
980 (2) 
1029(5) 
1081 (0) 
1145(3) 
1198(4) 
1265(5) 
-
1309 
1376(3) 
1436(0) 
-
1487(0) 
-
1582(3) 
I. R. Frequencies 
cm" 
262 (l.w) 
355 (l.w) 
355 (l.w) 
435 (6. vs) 
510(2,5) 
580(l.ws) 
710 (3,s) 
745 (6. bs) 
840 (4. s) 
920 (5,vs) 
980 (6, vs) 
1030(6, vs) 
1060 (3.S) 
1140(3.s) 
1200(2.5) 
1270(10. bs) 
1300 (9, vs) 
1310(3,8) 
1375 (6, vs) 
1440 (3,s) 
1465(4. s) 
1490(9) 
1510(2, s) 
1580(9. vs) 
Assignment 
C-CH3 bending o.p. 
C-NH2 bending i.p. 
C-C ling deformation o.p. 
C-C ring deformation i.p. 
C-C ring deformation i.p. 
NM2 wagging 
C-C ring deformation o.p. 
C-CH3 stretching 
C-H bending o.p. 
C-H bending o.p. 
Ring breathing 
C-H bending i.p. 
NH2 twisting 
C-H bending i.p. 
C-H bending i.p. 
C-H bending i.p. 
C-C ring stretching i.p. 
C-C ring stretching 
C-H symmetric bending 
(in CH2 group) 
C-C ring stretching 
C-C ring stretching 
C-H asymmetric bending 
(in CH3 group) 
C-C ring stretching 
C-C ring stretching 
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Tablel: continued. 
1615(3) 
-
2871 (3) 
2919(3) 
2989(1) 
-
-
3374(4) 
3451 (1) 
1615(9) 
1650(2, s) 
2855 (4, s) 
2910(2, s) 
2970 (4. vs) 
3020 (4, s) 
3050 (2, s) 
3370 (9, vs) 
3460 (8, bs) 
N-H bending i.p. 
NH2 Scissoring 
C-H symmetric stretching 
(in CH3 group) 
C-H asymmetric stretching 
C-H asymmetric stretching 
(in CH3 group) 
C-H stretching 
C-H stretching 
N-H symmetric stretching 
N-H asymmetric stretching 
Values in the parentheses refer to relative intensities on a scale of 10; s, 
strong; vs, very strong; b, broad; sh, shoulder; bs, broad strong; ws, 
weak strong; and w, weak. 
o.p, out-of-phane; i.p. in-plane. 
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Table 2: Assignment of Fundamental Frequencies of m-methyl aniline 
Raman Frequencies 
cm' 
294 (4) 
-
-
-
-
519(3) 
543 (3) 
-
776(1) 
849 (0) 
-
-
953(1) 
995 (9) 
-
-
-
1077(0) 
1157(2) 
1295(6) 
-
-
1377(4) 
-
-
Infrared Frequencies 
cm"' 
290 (2, s) 
355 (l,w) 
375 (l,w) 
410 (Lw) 
435 (5. vs) 
535 (5. vs) 
550 (3. s) 
705 (Lw) 
770 (6. b) 
850 (2. s) 
865 (2. s) 
920 (4. vs) 
-
990 (5. vs) 
1020 (sh) 
1030 (3. s) 
1055 (Lw) 
]075(sh) 
1170 (10, vs) 
1290 (5. s) 
1310(3.8) 
1345 (sh) 
1372 (4, vs) 
1440 (2, w) 
1465 (2. s) 
Assignment 
C- CH:, bending 
C-NH2 bending 
C-C ring deformation o.p. 
C-C ring deformation o.p. 
C-C ring deformation o.p. 
C-C ring deformation i.p. 
NHT waggins 
C-C ring deformation o.p. 
C-CM3 stretching 
C-H bending o.p. 
C-H beding o.p. 
C-H bending o.p 
C-H bending o.p. 
Ring breathing 
C-CH3 Rocking 
C-H bending i.p. 
N-H bending o.p. 
NH2 twisting 
C-H bending i.p. 
C-H bending i.p. 
C-C ring stretching 
C-N stretching 
C-H symmetric 
(in CH2 group) 
C-H asymmetric bending 
C-C ring stretching 
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Table 2: continued. 
1480(0) 
-
-
1585(4) 
1612(8) 
-
2869(3) 
2915(3) 
-
3011(1) 
-
3370(4) 
3455(1) 
1472(2, w) 
1490(3, vs) 
1510(2, s) 
1600(10, b) 
1620(10. b) 
1635(8) 
2855 (3, bs) 
2920 (4, s) 
2970 (l.w) 
3010 (sh) 
3030 (3, s) 
3060(10. b) 
3440 (9, vs) 
C-C ring stretching 
C-C ring stretching 
C-C ring stretching 
C-C ring stretching 
N-H bending i.p 
NH2 Scissoring 
C-H S3'mmetric stretching 
(in CH3 group) 
C-H asymmetric stretching 
(in CH3 group) 
C-H asymmetric stretching 
(in CH3 group) 
C-H stretching 
C-H stretching 
N-H symmetric stretching 
N-H asymmetric stretching 
Values in the parentheses refer to relative intensities on a scale of 
10, s, strong; vs, very strong; b, broad; sh, shoulder, bs, broad strong, 
ws, weak strong, and w, weak. 
o.p., out-of-plane; and i.p; in-plane 
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Table 3: Assignment of Fundamental Frequencies of N-methyl Aniline 
Infrared Frequencies cm -1 
250(2. s) 
375 (l.w) 
410 (l.w) 
420(l.\v) 
500 (8. w) 
690 (8. w) 
745 (8. w) 
755 (sh) 
810(2. b) 
865 (7. vs) 
990 (8. w) 
1020(4. vs) 
1060 (sh) 
1070(8. vs) 
1150(7. vs) 
1180(7. vs) 
1260(9. vs) 
1320 (9. vs) 
1335 (sh) 
1375 (2. wb) 
1420(4. vs) 
1450(4. vs) 
1470(2. s) 
1520(9) 
1600 (10. b) 
1620(9) 
2815(9. vs) 
2930 (2. ws) 
Assignment 
C-N (CH3)2 bending o.p. 
C-C ring deformation o.p. 
C-C ring deformation o.p. 
C-C ring deformation o.p. 
C-C ring deformation o.p. 
C-C ring deformation o.p. 
C-H bending o.p. 
C-H bending o.p. 
C-H bending o.p. 
C-H bending o.p. 
Ring bending 
C-H bending i.p. 
N-H bending o.p. 
C-H bending i.p. 
C-H bending i.p. 
C-H bending i.p. 
C-H bending i.p. 
C-H ring stretching 
C-N stretching 
C-H symmetric bending 
C-C ring stretching 
C-H asymmetric bending 
C-C ring stretching 
C-C ring stretching 
C-C ring stretching 
N-H bending i.p. 
C-H symmetric stretching (in CH3 group) 
C-H symmetric stretching (in CH3 group) 
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Table 3: continued.... 
2980(4. s) 
3020 (2. s) 
3050 (3. vs) 
3080 (2. vs) 
C-H symmetric stretching (in CH3 group) 
C-H Stretching 
C-I-1 Stretching 
C-H stretching 
Values in the parentheses refer to relative intensities on a scale of 
lo, s, strong; vs, very strong; b, board; sh, shoulder; bs, broad strong; 
ws, weak strong; and w; weak; 
o.p; out-of-plane; i.p. in-plane. 
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Table 4: Assignment of Fundamental Frequencies of Dimethyl Aniline 
Infrared Frequencies cm" 
283(l.\vs) 
370 (l.w) 
460 (3.S) 
510(8.vs) 
685(10.vs) 
745 (8.VS) 
860(10.vs) 
940(10.vs) 
990(10.vs) 
1030 (7. vs) 
1055 (7.VS) 
1160(6. vs) 
1190(6. vs) 
1220(6. vs) 
1335 (10 bs) 
1365 (sh) 
1390(2. \vs) 
1440 (3. s) 
1455(5) 
1480(8) 
1500 (10. s) 
1510(10. s) 
1600(10.b) 
2870(8) 
2930(8) 
2970(8) 
3025(7.5) 
3060(6. s) 
3090(5. s) 
Assignment 
C-NH (CH3) bending o.p 
C'C ring deformation o.p. 
C'C ring deformation i.p. 
C-C ring Reformation i.p. 
C-C ring deformation o.p. 
C-H bending o.p. 
C-H deformation o.p. 
C-H bending o.p. 
Ring breathing 
C-H bending i.p. 
C-H bending i.p. 
C-H bending i.p. 
C-H bending i.p. 
C-H bending i.p. 
C-C ring stretching 
C-H stretching) 
C-H symmetric pending (in CH3 group) 
C-C ring stretching 
C-H asymmetric bending (in CH3 group) 
C-H asymmetric bending (in CH3 group) 
C-C ring stretching 
C-C ring stretching 
C-C ring stretching 
C-H asymmetric stretching (in CH3 group) 
C-H asymmetric stretching (in CH3 group) 
CH asymmetric stretching (in CH3 group) 
C-H stretching 
C-H stretching 
C-H stretching 
Values in the parentheses refer to relative intensities on a scale of 
10; s, strong; vs.. very strong; v, broad, sh, shoulder; bs, broad strong, 
ws, weak strong, and w, weak; 
o.p, out-of-phane; and i.p. in-plane. 
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established by Bel! [10] and Ellis [11]. According to them the N-H 
stretching vibrations appear in the range 3300-3500 cm"'. The first of 
these, which is due to the asymmetric stretching mode, is usually found 
near 3500 cm"', and the second which arises from the corresponding 
symmetrical mode, near 3400 cm" . Both of these are subjected to small 
changes with alternalion of the polarity of the solvent, and to rather 
larger changes in concentrated solutions in which intermoiecular 
association can occur. Intermoiecular bonding also lowers these 
frequencies, infrared bands at 3370. 3460. cm"' and 3360. 3440 cm" 
have been assigned as N-H stretching vibrations for o-melhyl and 
m-methyl anilines respecti\ely. The first value in each case corresponds 
lo the symmetric and latter corresponds to the asyntmetric stretching 
mode Raman frequencies for these two molecules are 3374, 3451 cm"' 
and 3370, 3455 cm" and provide a proper basis for the above assigned 
frequencies for N-H stretching mode. It was not possible to assign the 
N-H stretching frequencies for N-methyl and dimethyl anilines. As the 
secondary amines show only N-H stretching band in dilute solution in 
the range 3500-3200 cm"' while tertiary amines do not show any N-H 
stretching jrequency. 
N-H Deformation Vibrations: 
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The deformation frequencies of the NH2 group in primaiy amines 
should be veiy similar to those of the methylene group and at least four 
characteristic frequencies should appear in the range 1590-1650 cm''. 
The derivatives of benzene show the NHT scissoring band in this region. 
The low-frequency deformation vibrations of the NHT group shows NH2 
twisting, wagging and torsional vibrations in methylamine have been 
assigned to 1455. 780, and 264 cm' . Evans [2] has assigned the 
frequency 1618 cm"' in aniline and Singh et al. [12] have assigned the 
frequencies 1617. 1620 and 1623 cm'' in 0-. and p-chloroanilines 
respectively to this mode. In the present investigation a strong band and 
a shoulder at 1650, 1635 cm" are assigned as NH2 scissoring vibration 
for o-methyl and m-methyl aniline. The hifrared bands 1060 cm" and 
1075 cm"' may be assigned to NH? twisting vibrations for o-methyl and 
m-methyl anilines. Raman frequencies for NHi twisting are 1081 cm'' 
and 1077 cm'' for these molecule. 
The NH? wagging vibration is analogous to the inversion mode of 
ammonia. The infrared band corresponding to the inversion mode of 
ammonia is observed at 950 cm' . In methylamine [13] this band is 
located at 783 cm' and in aniline at 660 cm''. In the present 
investigation, the frequencies 580, 550 cm"' have been assigned to NH2 
wagging mode for o-methyl, m-methyl anilines respectively. Raman 
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frequencies for this mode are 579, 543 cm" for the same two molecules. 
Sharma and Dwivedi [12] have been reported the NH2 wagging 
vibration. 
C-H symmetric and Antisymmetric deformation frequencies (in 
methyl group): 
The CH3 group has three CH deformation frequencies. Out of 
these, one symmetric vibration observed near 1370 cm' and two 
asymmetric vibrations are observed in the region 1430-1470 cm' . This 
region of the spectrum is feirly complex because of the presence of the 
two components of 1485 cm'' (Ch,) C-C stretching vibration of benzene 
in addition to these vibrations. In the case of o-methyl aniline, infrared 
bands 1490 cm'' and 1375 cm' have been assigned as C-H asymmetric 
and s}'mmetric deformations coiTcsponding Raman frequencies for the 
same mode are 1487 cm' and 1376 cm' respectively. For m-
methylaniline. these same modes have been assigned at 1472, 1440 and 
1372 cm"'. The two bands are C-H asymmetric while other one is C-H 
symmetric. Raman frequencies for asymmetric and symmetric 
deformations are 1480 cm' and 1377 cm' . In the case of N-methyl and 
dimethyl anilines, bands 1375 cm' and 1390 cm'' have been assigned as 
C-H symmetric deformation vibrations respectively. Moreover, bands 
appearing at 1450 cm' for N- methyl aniline and at 1455 cm"' and 1480 
cm' for dimethylaniline are assigned as C-H asymmetric deformation 
vibrations for the two molecules. 
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C-N Stretching Frequencies: 
The C-H stretching vibrations generally give rise to bands in the 
region 1400-1000 cm"'. Colthup [14] has given the following correlation 
for aromatic amines. A strong band appears as follows: 
Primary, 1340-1250 cm''; secondary, 1350-1280 cm"'; tertiary, 
1360-1310 cm"'. Verma [15] has assigned this frequency at 1320 cm"' 
for m- fluoroaniline. In the present in\estigation. the infrared shoulder 
and bands 1345, 1335, and 1365 cm"' have been assigned as C-N 
stretching frequencies for m- methyl, N-methyl. and dimethyl anilines 
respectively. The N-H stretching vibration has also been reported by 
Singh et al. [12]. Verma et al. [16] and Sharma and Dwivedi [4]. 
C-NH2 in-plane bending Vibrations: 
The weak infrared bands 355. 355 cm"' have been assigned as 
C-NH2 in plane-bending mode of vibrations for o-methyl, m-methyl 
anilines respectively. For N-methyl and dimethyl anilines no such bands 
of this mode are possible. 
C-H symmetric and asymmetric stretcfiing frequencies: 
Sharma and Dwivedi [4] have studied these modes of vibrations 
in methyl group for a series of substituted anilines. Verma [17] has 
assigned the infrared bands 2855, 2855, 2815. and 2870 cm"' as C-H 
symmetric stretching vibration while the bands 2970, 2910 cm"'; 2970, 
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2920 cm''; 2980, 2930 cm"' and 2970, 2930 cm''; as C-H asymmetric 
stretching vibrations for o-. m-, N-, and dimethyl anilines respectively. 
The Infrared C-H symmetric stretching frequencies are correlated with 
the Raman frequencies 2871 and 2869 cm"' for o- and N-methyl anilines 
respectively. 
C-H Stretching frequencies: 
In aromatic molecules, C-H stretching frequencies appear in the 
range 3000-3100 cm" . It is assumed that the frequencies 3020, 3050 
cm"' in o-methyl aniline 3010. 3030 cm"' in m-methyl aniline. 3020, 
3050. 3080 cm"' in N- methyl aniline and 3025, 3060, 3090 cm"' in 
dimethyl aniline are due to C-H stretching vibrations. 
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CHAPTER-3 
THERMODYNAMIC QUANTITIES OF SUBSTITUTED 
ANILINE 
3.1 Introduction: 
The structure and characteristic frequencies of unknown chemical 
group can be deduced in the infrared spectroscopy. William [1] Evans 
[2] and Flett [3] have recorded the infrared absorption spectrum of 
aniline after that Sharma and Dwivedi [4] have studied the vibrational 
spectra of substituented anilines and presented a complete vibrational 
analysis identifying the fundamentals and their modes of vibrations. 
The infrared absorption spectrum of toluene has been reported by 
Pitzer and seott [7] and Fox and Martin [5]. Extensive infrared studies 
on chlorine substituted toluene have been made by several workers 
[6-14] Similar studies on the three isomeric methylanilines have been 
made by Puranik et al. [15]. 
Raman spectra of o- and m-methyl anilines have been reported by 
Herz and Kohlrusch [16], Biswas [17] recorded the absorption spectra of 
three isomeric methyl anilines in vapour and solid phases. Since much 
remains to be done on the infrared vibrational spectra of o-methyl, m-
methyl, N-methyl and dimethyl aniline, [22] give the complete 
vibrational assignment of the frequencies of these molecules. With the 
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help of these infrared vibrational frequencies in Table 1, we have 
calculated the thermodynamic functions of all methyl anilines and 
plotted the curves between the temperatures and thermodynamic 
quantities to know their variations with respect to different temperatures. 
3.2 Procedure and Theory: 
The thermodynamic quantities such as heat capacity, Entropy 
Enthalpy and free energy have been calculated with the help of normal 
modes of molecular vibrations of o- methylaniline, m-methylaniline, N-
methyl aniline and dimethylaniline. This is of the great practical 
importance since direct experimental measurement of these quantities is 
usually difficult and sometimes impossible. The values calculated from 
the spectroscopic data are more accurate than those determined by 
thermal measurements. 
The thermodynamic functions have been calculated for the perfect 
gas under the approximation of harmonic oscillator model for not too 
high temperatures. At high temperatures the effect of the anharmonicity 
is large. 
Then, for a molecule the total energy is given by 
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Where E„.ans., E,oi., Evib, Eeioct. are the translation rotational, vibrational, 
and electronic energy of the molecule in harmonic oscillator. 
The partition function is given by 
^£, '1^1 
where gi is the statistical weight, K is the Bottzmann Constant and T is 
the absolute temperature. Hence total partition function is given by 
Q T = Qt^ans. + Q^n. + Q^,b. + Qdcc. . 
The electronic contribution is very small and ignored as Ej.-ei. is 
laj-ge compared to KT at ordinary temperatures. The themiodynamic 
functions such as Heat-Capacity, Entropy, Enthalpy and Free Energy 
have been calculated according to the formula given by Herzberg [19]. 
For the vibrational partition function harmonic oscillator approximation 
is made and the vibrational contribution of Heat Capacity, Entropy, 
Enthalpy and Free Energy is given as 
c ; = R(hc/ktfE^"'' 
2-o,hc/kl 
I •"' i 
pv ^ ^ ^-^ n 7C«ihc / l< l \2 (l-e"'"^'^')-
, , —(ohc/kl 
_(o.hc/ki \ _ h e .^ r- d ;03;e S:=-RZd,4-e •"^ '^ 'J+R —X 
I T - i-^ . , _o ) nc /K i , 
KI . ( 1 - e ' ) 
, _ ( ' ) • h c / k 
Rhc^d, CO e ' 
V o - ^ 7 . _(.). hc/kl 
R I 1 - e ' 
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-RXcl,lnil-e" i K / k l ' 
The constant values which we have used are 
c-2.9978 X 10'"cm/sec-
R= 1.9863 Cal/degree/mole 
k= 1.3807 X 10"'''ero/desree 
h = 6.626 X 10'" era. Sec. 
d, = Nondegenerate vibrations (di=l) and numerical 
calculation is. 
(0 he 0) (!) 
kT 0.695 IT T 
Where co, is in cm" the fundamental frequencies of o-methyi. m-methyl 
N- and dimethyl aniliiies are listed in Table 1. By using this data of 
fundamental frequencies in FORTR.AN Programme on page no. 99, 
we have calculated the thermodNiiamic functions for o-methyl, m-
methyl, N-methyl and Dimethyl anilines are presented in Table (2-5) 
and corresponding curves between temperatures and thermodynamic 
quantities are given with that table. 
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Table: 1 Fundamental Frequencies (in cm' ) of o-methyl aniline, m- methyl 
aniline, n-methyl aniline and dimethyl aniline 
o-Methyl Aniline 
(Cs) 
m-methyl Aniline 
(Q) 
N-Methyl Aniline 
(C2v) 
Dimethyl Aniline 
(C2v) 
262 (w) 
355 (w) 
375 (w) 
435 (vs) 
510(s) 
580 (\vs) 
7I0(s) 
745 (bs) 
840 (s) 
920 (vs) 
980 (vs) 
1030 (vs) 
1060 (s) 
140 (s) 
290 (s) 
355 (w) 
375 (w) 
410 (w) 
435 (vs) 
535 (vs) 
550 (s) 
705 (w) 
770(b) 
850 (s) 
865 (s) 
920 (vs) 
990 (vs) 
1020 (sh) 
1030 (s) 
1055(w) 
1075 (sh) 
1170(vs) 
250 (s) 
375 (w) 
410(w) 
420 (w) 
500 (s) 
690(vs) 
745 (bs) 
755 (sh) 
810(b) 
865(vs) 
990 (vs) 
1020 (vs) 
1060 (sh) 
1070 (vs) 
]150(vs) 
283 (ws) 
370 (w) 
460 (s) 
510 (vs) 
685 (vs) 
745 (vs) 
860 (vs) 
940 (vs) 
990 (vs) 
1030 (vs) 
1055 (vs) 
l]60(vs) 
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Table: 1 continued. 
-
1200 (s) 
1270(bs) 
1300 (vs) 
]3]0(s) 
-
1375 (vs) 
1440 (s) 
-
1465 (s) 
1490 (s) 
1510(s) 
-
1580(vs) 
1615(b) 
1650 (s) 
2855 (s) 
2910 (s) 
2970 (vs) 
3020 (s) 
-
3050 (s) 
-
3370 (vs) 
3460 (bs) 
-
-
1290 (s) 
-
13IO(s) 
1345 (sh) 
1372(vs) 
-
1440 (w) 
1465 (s) 
1472 (w) 
1490 (vs) 
1510 (s) 
1600(b) 
1620 (b) 
1635(b) 
2855 (bs) 
2920 (s) 
2970 (w) 
3010 (sh) 
3040 (s) 
-
-
3360(b) 
3440 (vs) 
1180(vs) 
-
1260 (vs) 
-
1320(bs) 
1335 (sh) 
1375 (wb) 
1420 (vs) 
1450 (vs) 
1470 (s) 
-
1520(b) 
-
1600(b) 
1620 (s) 
-
2815 (vs) 
2930 (vvs) 
2980 (s) 
3020 (s) 
-
3050 (vs) 
3080 (vs) 
-
-
1190 (vs) 
1220 (vs) 
-
-
1335 (bs) 
1365 (sh) 
1390 (ws) 
1440 (s) 
1455 (s) 
-
1480 (w) 
1500 (s) 
1510 (s) 
1600(b) 
-
-
2870 (b) 
2830 (s) 
2970(b) 
3025 (s) 
-
3060 (s) 
3090 (s) 
-
-
s, strong; vs, very strong; b, board; sh, shoulder; bs, board strong; 
ws, weak strong; and w, weak. 
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C PROGRAMME FOR CALCULATING THE VALUES OF HEAT-
CAPACITY,ENTROPY,ENTHALPY & FREE-ENERGY 
DIMENSION W( 100) 
DOS, J=l,20 
READ(5,*)N,T 
READ(5,11)(W(II),II=1,N) 
11 FORMAT(FIO.O) 
R= 1.9863 
DI=1.0 
RT=2.858 
RTZ-4.111/T**2 
SUMi-0.0 
SUM.2=0.0 
SUM3-0.0 
SUM=0.0 
SUMM=0.0 
SUMLN^O.O 
DO 10I=1,N 
WHT=I.439nV(I)/T 
SUM=(W(1)**2*EXP(-WHT))/(1.0-EXP(-WHT)**2) 
SUMl-SUMKSUM 
SUMM=(W(1)**2*EXP(-WHT))/(1.0-EXP(WHT)) 
SUM2=SUM2+SUMM 
SUMLN=-R*LOG( 1.0-EXP(-WHT)) 
SUM3=SUM3+SUMLN 
10 CONTINUE 
CP=RTZ*SUM1 
HV=RT+SUM2 
FE=SUM3 
SV=HV+FE 
WRITE (8,15)T,CP,SV,HV,FE 
15 FORJV4AT(F7.2,4(2X,F10.5)) 
5 CONTINUE 
STOP 
END 
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Tablc:2 Calculated Values of the Thermodynamic Functions (cal/molerK) of 
o-Methyl Aniline 
Temperature 
100.00 
200.00 
300.00 
400.00 
500.00 
600.00 
700.00 
SOO.OO 
900.00 
1000.00 
1100.00 
1200.00 
1300.00 
1400.00 
1500.00 
1600.00 
1700.00 
1800.00 
1900.00 
2000.00 
Heat Capacity 
1.53017 
7.22251 
13.81483 
20.54822 
26.62840 
31.79279 
36.11692 
39.75183 
42.83018 
45.45380 
47.70050 
49.63178 
51.29754 
52.73911 
53.99086 
55.08165 
56.03555 
56.87283 
57.61039 
58.26249 
Entropy 
.39892 
3.12372 
7.28033 
12.18687 
17.44391 
22.77150 
28.00929 
33.07848 
37.94543 
42.59957 
47.04191 
51.27924 
55.32117 
59.17854 
62.86256 
66.38431 
69.75445 
72.98308 
76.07965 
79.05302 
Enthalpy 
.32584 
.29204 
5.01917 
8.06850 
11.08905 
14.20723 
17.03939 
19.65961 
22.06959 
24.28205 
26.31320 
28.17959 
29.89696 
31.47978 
32.94120 
34.29304 
35.54589 
36.70924 
37.79150 
38.80027 
Free Energy 
.07308 
.83168 
2.26115 
4.11837 
6.25486 
8.56428 
10.96990 
13.41887 
15.87584 
18.31751 
20.72871 
23.09965 
25.42422 
27.69876 
29.92136 
32.09127 
34.20855 
36.27384 
38.28814 
40.25275 
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Table:3 Calculated Values of the Thermodynamic Functions (cal/mole/"K) of 
m-Methyl Aniline 
T e m p e r a t u r e Heat Capacity Entropy Enthalpy Free Energy 
100.00 
200.00 
300.00 
400.00 
500.00 
600.00 
700.00 
800.00 
900.00 
1000.00 
1100.00 
1200.00 
1300.00 
1400.00 
1500.00 
1600.00 
1700.00 
1800.00 
1900.00 
2000.00 
.5854: 
8.38990 
.6.44689 
24.63329 
31.91338 
i7.97879 
42.94560 
47.025 j j 
50.40580 
53.23183 
55.61249 
57.63113 
59.35270 
60.82870 
62.10052 
63.20166 
64.15945 
64.99632 
65.73070 
66.37782 
.37325 
!.44456 
8.3457 
14.21304 
20.51658 
26.89220 
33.13521 
39.14758 
44.89023 
50.35411 
55.54485 
60.47496 
65.15987 
69.61583 
73.85899 
77.90475 
81.76752 
85.46075 
88.99667 
92.3866] 
.31034 
2.56627 
5.8305 
9.52068 
1.29319 
6.92096 
20.29816 
23.39453 
26.21590 
28.78242 
1 J ;33 
33.24779 
35.19320 
i6.97465 
38.61001 
40.11497 
41.50334 
42.78722 
43.97726 
45.08278 
.06292 
.87832 
2.51516 
4.69235 
7.22338 
9.97124 
2.83704 
5.75305 
18.67433 
21.57170 
24.42652 
27.22717 
29.96666 
32.64118 
35.24898 
37.78977 
40.26418 
42.67352 
45.67352 
47.30383 
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Table:4 Calculated Values of Thermodynamic Functions (cal/mole/°K) of N-
Methyl Aniline 
Temperature Heat Capacity Entropy Enthalpy Free Energy 
100.00 
200.00 
300.00 
400.00 
500.00 
600.00 
700.00 
800.00 
900.00 
1000.00 
1100.00 
1200.00 
1300.00 
1400.00 
1500.00 
1600.00 
1700.00 
1800.00 
1900.00 
2000.00 
1.47230 
7.00831 
13.85615 
20.86441 
27.08280 
32.27428 
36.55492 
40.10220 
43.06586 
45.55968 
47.67032 
49.46548 
50.99928 
52.31555 
53.45014 
54.43240 
55.28654 
56.03249 
56.68668 
57.26284 
.39976 
3.01189 
7.12243 
2.08134 
17.42631 
22.84053 
28.15001 
33.27237 
18.17418 
42.84653 
47.29261 
51.52146 
55.54482 
59.37544 
63.02618 
66.5095 
69.83723 
73.0204] 
76.06927 
78.99326 
.32370 
2.20459 
4.92595 
8.04576 
.25018 
14.33742 
7.21734 
9.86497 
22.28489 
24.49299 
26.50842 
28.35034 
30.03666 
31.58367 
33.00596 
34.31651 
!5.52681 
56.64700 
37.68607 
18.65196 
.07606 
.80730 
2.19648 
4.03558 
6.17613 
8.50311 
10.93266 
13.40740 
15.88929 
18.35354 
20.78419 
23.17112 
25.50817 
27.79177 
30.02022 
32.19301 
34.31043 
36.37341 
38.38320 
40.34130 
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Table: 5 Calculated Values of the Thermodynamic Functions (cal/moWK) 
of Dimethyl Aniline 
Temperature Heat Capacity Entropy Enthalpy Free Energy 
100.00 
2,00.00 
300.00 
400.00 
500.00 
600.00 
700.00 
800.00 
900.00 
1000.00 
1100.00 
1200.00 
1300.00 
1400.00 
1500.00 
1600.00 
1700.00 
1800.00 
1900.00 
2000.00 
1.06089 
5.36778 
11.02925 
17.17107 
22.80239 
27.59183 
31.58926 
34.93165 
37.74373 
40.12329 
42.14630 
43.87322 
45.35310 
46.62619 
47.72677 
48.67935 
50.23574 
50.87315 
50.87315 
51.43500 
026861 
2.23252 
5.44428 
9.46303 
3.91613 
8.51180 
32.07665 
27.52154 
31.80488 
35.91004 
39.83343 
47.15168 
50.56202 
53.8188 
56.93159 
59.90963 
62.76186 
65.49670 
.22067 
.65006 
1.80397 
6.38210 
9.11774 
11.81115 
4.36141 
6.73159 
18.91610 
20.92268 
22.76410 
43.57835 24.45457 
26.00806 
27.43776 
28.75581 
29.97315 
31.09965 
32.14417 
33.11456 
68.12197 34.01786 
.04794 
.58246 
1.64030 
3.08093 
4.79839 
6.70065 
8.71524 
10.78995 
12.88878 
14.98736 
17.06933 
19.12379 
21.14362 
23.12426 
25.06302 
26.95844 
28.80998 
30.61770 
32.38214 
34.10411 
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3.3 Interpretation: 
The molecules o- methyl and m-methyl anilines are disubtituted 
benzenes, o-methyl aniline is obtained by replacing NHT and CH3 
groups in place of two hydrogen atoms of benzenes in position-1 and -2 
respectively while m-methylaniline is obtained by replacing- NH2 and -
CH-5 groups in place of hydrogen atoms of benzene in postion-1 and -3 
respectively These molecules belong to C^  point group. The molecules 
N-methyl and dimethyl anilines are the mono-substituted benzenes. 
N-methyl and dimethyl anilines are obtained by replacing -NH(CH3) 
and -NH(CH3)2 respectively in place of one hydrogen atom of postion-1 
respectively. These molecules belong to C2V point group. 
At high temperature the harmonic oscillator approximation in 
which the thermodynamic quantities have been calculated are poor one. 
Since the higher vibrational levels the influence of anharmonicity is 
large. It has been found that the heat capacity and enthalpy vary largely 
in the temperature range between 100 to 500" K but the variation is 
somewhat the same at higher temperatures, whereas the entropy and free 
energy vary continuously at higher temperatures for all molecules. 
We have taken this idea by Allen and Sutlon [20] in which there 
is no appreciable change in the shape and size of the phenyl ring from its 
magnitude in benzene derivatives and also taken by Naushad [18]. 
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Entropy variation is the quantity to know tlie molecular behaviour in 
different circumstances of heat capacity. Enthalpy variation is the 
quantity to know the change in molecular structure at different 
temperatures. 
3.4 Conclusion: 
Thermodynamic quantities have been calculated with the help of 
normal modes of vibrations of o-methylaniline, m-methylaniline, N-
methylaniline and dimethylaniline molecules, hifrared spectra of these 
molecules have been recorded on Perkin- Elmer model 521 infrared 
spectrometer. The infrared spectra of all the molecules are very sharp 
and well defined. These spectra are in resemblance with the vibrational 
spectra of aniline and its other derivatives. Vibrational contribution to 
the thermodynamic quantities are well defined and the calculations of 
these quantities are done mainly for Heat Capacity, Entropy, Enthalpy 
Free Energy. These quantities are obtained for different temperatures 
ranging from 100"K to 2000"K. Entropy variation is important to know 
the molecular behaviour in different circumstances of heat capacity. 
Enthalpy variation is the quantity to know the change in molecular 
structure at different temperatures. The behavriour of these molecules at 
different temperature changes depending upon the change of heat 
capacity, entropy enthalpy and free energy. Molecules like subsfituted 
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anilines are very sensitive so far as their behavriour at higher 
temperatures is concerned. Molecular volume and pressure change are 
predicted by knowing the values of these thermodynamic quantities. It is 
highly desirable to take the vibrations of these molecules with the help 
of the Laser Raman Spectroscopy. These vibrations will strengthen the 
data. Laser induced fluorescence can be recorded for these molecules to 
the various electronic energy levels associated with the molecular 
vibrations. Electronic spectra of these molecules at higher resolution 
will give the information about their exact symmetry and change in 
symmetry at various electronic energy levels. These symmetries at 
different temperatures will change the dynamics of the molecule. 
Molecular energy interactions can be studied by knowing the interaction 
of electronic energy with the vibrational energy. 
The comparative studies of molecular vibrations for o-methyl 
aniline, m-methyl aniline, N-methyl aniline, and dimethyl aniline are 
given in Table: 6. 
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Table:6 Comparative studies of molecular vibrations of substituted Aniline 
o-methyl aniline 
I.R. Frequencies 
(cm"') 
375 ( l .w) 
435(6. vs) 
840 (4. s) 
1580(9, vs) 
2855 (4. s) 
2910(2.5) 
m-Methyl 
Aniline 
I.R. Frequencies 
(cm') 
375 (l.w) 
435(5.\s) 
850 (2.S) 
1600(10. b) 
2855 (3. bs) 
2920(4. s) 
N-Methyl 
Aniline 
I.R. Frequencies 
(cm') 
375 (l.w) 
420 (l.w) 
-
1600(10. b) 
2815(9. vs) 
2930 (2. ws) 
Dimethyl 
Aniline 
I.R, frequencies 
(cm" ) 
370 (l.w) 
460 (3.6) 
-
1600(10. b) 
2870(8) 
2930(8) 
s, strong; vs, very strong; b. board; sh, shoulder; bs, broad strong; vvs, 
weak strong; w, weak. 
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